STUDIES IN THE ATOMIC SPECTROMETRIC DETERMINATION AND SPECIATION OF ARSENIC IN ENVIRONMENTAL SAMPLES by Wang, Nan
University of Massachusetts Amherst 
ScholarWorks@UMass Amherst 
Doctoral Dissertations Dissertations and Theses 
Winter August 2014 
STUDIES IN THE ATOMIC SPECTROMETRIC DETERMINATION 
AND SPECIATION OF ARSENIC IN ENVIRONMENTAL SAMPLES 
Nan Wang 
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2 
 Part of the Other Life Sciences Commons 
Recommended Citation 
Wang, Nan, "STUDIES IN THE ATOMIC SPECTROMETRIC DETERMINATION AND SPECIATION OF ARSENIC 
IN ENVIRONMENTAL SAMPLES" (2014). Doctoral Dissertations. 137. 
https://doi.org/10.7275/sshr-ab06 https://scholarworks.umass.edu/dissertations_2/137 
This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at 
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of ScholarWorks@UMass Amherst. For more information, please contact 
scholarworks@library.umass.edu. 
  
STUDIES IN THE ATOMIC SPECTROMETRIC DETERMINATION AND 
SPECIATION OF ARSENIC IN ENVIRONMENTAL SAMPLES 
 
 
 
 
 
A Dissertation Presented 
 
By 
 
NAN WANG 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Submitted to the Graduate School of the 
University of Massachusetts Amherst in partial fulfillment 
of the requirements for the degree of 
 
 
 
 
 
 
 
 
DOCTOR OF PHILOSOPHY 
                    May  2014  
Department of Chemistry    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
©Copyright by Nan Wang 2014 
All Rights Reserved 
  
STUDIES IN THE ATOMIC SPECTROMETRIC DETERMINATION AND 
SPECIATION OF ARSENIC IN ENVIRONMENTAL SAMPLES 
 
 
 
 
 
 
A Dissertation Presented 
 
By 
 
NAN WANG 
 
 
 
 
 
 
 
Approved as to style and content by: 
 
________________________________ 
Julian F. Tyson, Chair 
________________________________ 
Edward G. Voigtman Jr, Member 
________________________________ 
Matthew Holden, Member 
________________________________ 
Baoshan Xing, Outside Member 
 
 
 
________________________________ 
                            Craig T. Martin, Department Head 
                            Department of Chemistry 
 
 
 
 
 
 
 
  
 
 
DEDICATION 
 
 
 
 
To my husband Wei Liu  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
 
 
ACKNOWLEDGEMENTS 
First of all, I would like to give my deepest gratitude to my advisor Dr. Julian Tyson 
for being the most knowledgeable scientist and at the same time the most caring advisor. 
His generous help and patience helped me overcome many crisis situations and finish this 
dissertation.    
I am grateful to Dr. Edward Voigtman, Dr. Matthew Holden and Dr. Baoshan Xing 
for having accepted to be my thesis committee member. Thank you all for all the valuable 
advises and encouragement during the past five years. I am also grateful to Dr. Peter 
Uden and Bob Sabola for suggestions for and construction of the gas-handling manifold. 
I would also like to thank all the group members, Chengbei Li, Lindsay Harris, 
Monique Johnson, Tiffany Berg, James Kearns. Thank you for not only being supportive 
to my study, but also served as considerate friends. I feel so lucky to know all of the 
incredible persons. And Mai Zhirin Wong, Aline silva, Lauren Okamoto, Daniel Piersiak 
and Harry Lu, it was always a pleasure working with these students enthusiastic about 
science.  
Last but not least, I would like to thank my family, my husband and my parents, who 
sacrificed so much for being supportive to me to pursue my study and being thousands of 
miles away from them. I missed so many family gathering moments in the past five years, 
but I grew to be a stronger person and did not lose any love from you. 
 
 vi 
 
ABSTRACT 
STUDIES IN THE ATOMIC SPECTROMETRIC DETERMINATION AND 
SPECIATION OF ARSENIC IN ENVIRONMENTAL SAMPLES 
May  2014 
NAN WANG, M.S., PEKING UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Julian F. Tyson 
The application of work described in this dissertation, the determination of total 
and arsenic species in water and rice samples, is of considerable societal importance as 
large numbers of the citizens of many countries around the world are exposed to 
potentially harmful concentrations of these carcinogenic compounds by daily 
consumption. The field of analytical chemistry is crucial to support the operation of any 
treatment to decrease arsenic concentrations as well as any regulations and legislation 
regarding arsenic in food and the environment. The current goals of research in trace 
arsenic measurements and speciation are to increase knowledge of the subject and to 
improve upon current methods by enhancing the figures of merit, such as accuracy and 
reproducibility, while balancing with the cost of analysis. 
The topics described in this dissertation were investigated primarily through the 
use of hydride generation atomic fluorescence spectrometry (HG-AFS), as a cost-
effective alternative to inductively coupled plasma mass spectrometry (ICP-MS). 
Inductively coupled plasma optical emission spectrometry (ICP-OES) and ICP-MS were 
also used. A cryogenic trapping (CT) procedure for preconcentration was developed; and 
a preconcentration factor of 12 was achieved using HG-CT-ICP-OES. An anion-exchange 
 vii 
 
column was introduced into a HG-AFS system for the simultaneous preconcentration and 
speciation of inorganic arsenic in natural water samples. The column consisted of a glass 
tube of 60 mm length and 4 mm id, containing approximately 0.8 g of Amberlite IRA-400 
resin. The instrument was modified so that it operated on an external hydrogen supply. 
The detection limits were 13 ng L
-1
 and 15 ng L
-1 
for As(III) and As(V), respectively.  The 
method was evaluated by the analysis of spiked natural waters. The recoveries for 0.5 and 
1 μg L-1 As(III) were 88-112%; the recoveries for 0.5 and 1 μg L-1 As(V) were 94-112%. 
This method was also validated by the accurate analysis of a seawater certified reference 
material, NASS-6, which contains 1.43 ± 0.12 μg L-1 (total arsenic). A method was 
developed for the speciation of arsenic by reversed-phase ion-pair chromatography HG-
AFS. The detection limits obtained for of four arsenic species [As(III), As(V), DMA and 
MMA] are comparable to those obtained ICP-MS detection. The phenomenon of the lack 
of precision in the determination of arsenic in rice was investigated by developing a 
method for the determination of total arsenic in individual rice grains. Two types of rice 
were analyzed: the average arsenic concentrations for type I and type II rice samples are 
532 μg kg-1 and 255 μg kg-1, respectively; the standard deviation of the arsenic 
concentration in single rice grain are 757 and 489 μg kg-1, respectively. Based on the 
results, the recommended sample size was at least 47 g and 25 g for type I and type II 
rice, respectively, based on an assumption that a confidence limit of 10% the mean 
arsenic concentration value was desired.  
Recommendations for future work including the further improvement and 
application of the developed methods are also made in the final chapter. 
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CHAPTER 1 
INTRODUCTION 
1.1 Overview of Arsenic Species 
Arsenic is a notoriously poisonous metalloid. Humans are exposed to many 
different forms of inorganic and organic arsenic species in food, water and other 
environmental media. Arsenic exists in in four oxidation states: As(V), As(III), As(0), 
and As(-III),
1
and arsenic species that have been identified in natural samples include the 
inorganic compounds arsenate [As(V)], arsenite [As(III)], the methylated compounds 
dimethylarsinic acid [DMA(V)], monomethylarsonic acid [MMA(V)], the 
organoarsenicals arsenobetaine (AsB), arsenocholine (AsC), arsenosugars, arsenolipids. 
Francesconi et al. reviewed an extensive variety of arsenic species with the chemical 
structure shown in Fig. 1.1.
2
 In natural waters, arsenic appears most often in inorganic 
forms, to a lesser extent in organic forms, such as monomethylarsonic acid MMA and 
DMA.
3,4
 The rest of forms, such as arsenosugars and arsenolipids, occur mainly in water 
organisms.
3
  
Each of the forms of arsenic has a different bioavailability, toxicity, and 
physicochemical, bioaccumulation and transport properties.
5,6
 Hence, the determination 
of total arsenic concentrations without speciation analysis provides only limited 
information for the evaluation of the toxicological implications of arsenic intake and the 
elucidation of metabolic pathways.
6
 
 2 
 
Research publications, both journal articles and books, with topics of arsenic in 
the environment and analytical technologies are present both in the past and recent times 
showing there is sustained interest in the study of arsenic. 
7-11
 
1.1.1 Inorganic Arsenic 
Inorganic arsenic is ubiquitous in the environment and is much more toxic than 
the organic forms.
12
 The major source of human exposure to inorganic arsenic is naturally 
contaminated drinking water from underground wells. Food, wood preservation, and 
other environmental media such as contaminated soil may be additional sources of 
exposure to inorganic arsenic.
13
 Ng et al. pointed out that it is likely that as many as 100 
million people are exposed to inorganic arsenic in their drinking water at levels above 10 
μg L-1, the standard in many countries.14 Brinkel et al. estimated that, in Bangladesh, it is 
about 35 million and 57 million inhabitants are at risk of drinking arsenic contaminated 
water exceeding 50 μg L-1 and 10 μg L-1, respectively.15 Berg et al. evaluated that in 
Vietnam, several million habitants are at considerable risk of chronic arsenic poisoning, 
with contamination levels reach up to 3,050 µg L
-1
 in groundwater samples.
16
 
Exposure to inorganic arsenical sources induces various adverse effects such as 
dermal lesions, hypertension, ischemic heart disease, liver disease, peripheral vascular 
disorders, arteriosclerosis, diabetes, neuropathy; and as a carcinogen, most frequently 
associated with tumors of the skin, urinary bladder, lung, and prostate.
12,13,17,18
  
 3 
 
In aqueous solution, redox potential (Eh) and pH are the most important factors 
controlling arsenic speciation as shown in Fig. 1.2 and Fig. 1.3.
5
 The distribution of the 
species as a function of pH are as shown in Fig. 1.3.
5
 
1.1.2 Methylated Arsenic Species 
After human ingestion, inorganic arsenic can be metabolized by reduction and 
oxidative methylations, which results in urinary excretion of inorganic arsenic and two 
major methylated metabolites: monomethylarsonic acid [MMA(V)] and dimethylarsinic 
acid [DMA(V)].
5,6
 Similarly, in most animal studies, DMA is also found as the main 
urinary metabolite.
6
 In addition, arsenosugars present in seaweeds and some bivalves are 
extensively metabolized to DMA, which is then excreted in urine.
19
 In mammals, there 
are two possible mechanisms that have been proposed for the metabolic pathway of 
inorganic arsenicals, oxidative methylation, and glutathione conjugation (as shown in 
Figure 1.4).
20
 MMA and DMA are metabolites of inorganic arsenic, and are less toxic 
than inorganic arsenic.
12
 
Just as for inorganic arsenic, the forms of the methylated arsenic species are pH 
dependent. The major species of MMA(V) is CH3AsO2(OH)
−
 at a neutral pH with the 
minor species of CH3AsO3
2− 
. In the case of DMA(V), both (CH3)2AsO(OH) and 
(CH3)2AsO
2 − 
exist at pH 7. The pKa values of major arsenic metabolites are shown in 
Figure 1.5. 
20
 
 4 
 
1.2 Arsenic Determination Techniques 
A search was performed employing the online bibliographic database “Web of 
Science” in order to evaluate the activity of the mainly used analytical techniques. Table 
1.1 is comprised of analytical chemistry journal articles with the past 6 years using 
keywords as phrases such as “atomic absorption and arsenic”, “atomic fluorescence and 
title or topic arsenic”, “ICP MS and arsenic”, “ICP OES and arsenic”, “INAA and 
arsenic”, and “XRF and arsenic”. The publications provide an indication of the 
contribution of these analytical techniques to research. It is seen that ICP-MS and AAS 
are the most popular techniques, while AFS is also comparatively widely used. Table 1.1 
also illustrates the fact that, despite their maturity, researches about these techniques are 
still fairly active in terms of publication output and research on analytical developments 
during the recent 6 years.  Tyson utilized the Web of Science database chronologically to 
sort the articles whose titles contain terms “arsen*” and either “anal*” or “determin*” 
showing the increase of the rate of publication.
11
  
1.2.1 Inductively Coupled Plasma (ICP) 
The technology for the inductively coupled plasma (ICP) method was first 
employed in the early 1960’s with the intention of improving upon crystal growing 
techniques.
21
 Since then, ICP has been refined and used in conjunction with other 
procedures for quantitative analysis. The ICP technique uses plasma to ionize 
components, whereby the sample solution is acidified and sprayed into the plasma. The 
high temperature of the plasma atomizes and ionizes all forms of analytes.
1
 There are 
many studies applied sample introduction techniques such as hydride generation prior to 
 5 
 
ICP analysis for arsenic determination,
22,23
 in order to overcome the poor ionization 
efficiency in the ICP and low mass transport into the plasma,
1
 which some times may 
cause low sensitivity. Often, ICP is used in conjunction with detection techniques, such as 
MS (mass spectrometry)
24
 and OES (optical emission spectrometry) .
25
 
When coupled with OES, ICP-OES was found to be suitable for arsenic detection 
only when low LODs are not required. For example, Chausseau et al.
26
 obtained LODs of 
7 μg L-1 for As(III) and 18 μg L-1 for As(V) using HPLC-ICP-OES. Higher sensitivity are 
not expected because interference from a carbon emission line at 193.1 nm are present 
which is very close to the most sensitive line for arsenic lies in the UV region, at 193.7 
nm. Sample matrix with large amounts of organic matter will therefore interfere with 
arsenic detection at 193.7 nm. The other arsenic emission line (228.8 nm) also suffers 
from possible interferences such as cadmium.  
ICP-MS technique suffers from spectral interferences, due to polyatomic species. 
The most often appearing ion, which interferes during total arsenic determination is a 
argon chloride (ArCl
+
) with mass 74.93124 amu, which has a mass similar mass to that of 
arsenic (As
+
) at 74.92160 amu.
27-29
 Isobaric interferences may be evaluated with use of 
mathematical correction according to methods suggested by United States Environmental 
Protection Agency (US EPA)
30
 and International Organization for Standardization
31
. 
With a mixed-gas plasma,
32
 use of the dynamic reaction cell pressurized with H2,
33
  by 
membrane desolvation
34
 or electrothermal vaporization
27,35
 procedures that separate As
+ 
from ArCl
+
, such as the formation of 
75
As
16
O
+
 by reaction with O2 and measure at m/z 
91.
36
 Tsai et al. avoided the interference caused by ArCl
+
 and CaCl
+
 by forming 
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75
As
12
CH2
+
 through reaction with CH4 and measure at m/z 89; improved the LOD 
compared with that at 
75
As
+
 by a factor of 3.
37
 Coupling hydride generation
38,39
 and 
chromatographic techniques
40
 with ICP-MS offer well established possibilities for the 
separation of arsenic species from chlorine-containing matrix components before ICP-MS 
analysis. High resolution ICP-MS has the capability to distinguish the ArCl
+ 
peak from 
As
+
 peak.
41
 However unfortunately, high resolution ICP-MS instruments are very 
expensive and this technique is compromised by a significant decrease in sensitivity.
42
  
1.2.2 Atomic Absorption Spectrometry (AAS) 
Flame atomic absorption spectrometry (FAAS), the atomic spectrometric 
technique that is based on the absorption of light by free atoms of the target elements, was 
extensively used for arsenic detection until the 1980s.
4
 However, because FAAS suffers 
from low sensitivity and high background noise from the flame, graphite furnace 
absorption spectrometry (GFAAS), was introduced. Samples are deposited in a small 
graphite tube, which can be heated by the application of a voltage. The resultant electrical 
resistance heating vaporizes and atomizes the analyte.
1
 As mentioned above, AAS is one 
of the most widely used techniques in the determination of arsenic. Currently as one of 
the most reliable techniques,
1
 GFAAS provides methods with detection limits as low as 
single-digit μg L-1.  However, some methods based on GFAAS require pre-concentration 
in order to increase sensitivity and decrease detection limit.
43,44
  
In arsenic determination with HG-AAS, interferences from Ni(II), Cu(II), Fe(III), 
Cr(III), Mo(II), Bi(III), Se(IV), Se(VI), Sb(III) and Sb(V) could decrease the analytical 
signal from arsenic down to 65% of the true value. A mixture of ascorbic acid-KI in a 5.0 
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mol L
-1
 HCl solution is able to mask the interferences.
45
 To exclude matrix interference, 
GFAAS was most often combined with HG to detect total arsenic. 
For arsenic speciation analysis using HPLC, it is difficult to couple GFAAS 
directly to HPLC, because of the long drying–ashing–atomizing cycle of GFAAS. 
1.2.3 Atomic Fluorescence Spectrometry (AFS) 
The absorption of light causes excitation of atoms, which may emit radiation 
(fluorescence) upon returning to ground level. The intensity of the fluorescence radiation 
is proportional to the concentration of atoms in the plasma, which allows quantitative 
analysis. AFS is a very sensitive and selective method for the determination of a number 
of environmentally and biomedically important elements such as mercury, arsenic, 
selenium, bismuth, antimony, tellurium, lead and cadmium.
46
 
By far, since only flame sources are readily available for atomization in AFS, 
hydride generation is introduced to perform AFS. Hydride generation atomic fluorescence 
spectrometry (HG-AFS) is a simple and sensitive method that can facilitate the separation 
of analytes from the matrix and avoidance of the polyatomic mass interference of ArCl
+
 
on As
+
 in ICP-MS. Gomez-Ariza et al. made a performance comparison between 
applying HPLC-HG-AFS and HPLC-HG-ICP-MS for the speciation of As(III), As(V), 
MMA and DMA in fresh water.
24
 They found that the limits of detection were similar for 
both techniques; however AFS had the advantages of being more cost effective, having 
shorter warm up times prior to analysis and being easier to operate. 
 8 
 
Comparison between AAS and AFS methods was made by Heilier et al.
47
 for the 
determination of urinary arsenic. AFS turned out to be more precise [coefficient of 
variation (CV) < 4% at 5 μg/L] and sensitive than AAS.47 For AAS, an increase in the 
intensity of excitation light will increase the background; whereas, in contrast, the 
intensity of the AFS signal is proportional to the intensity of the excitation source, and 
thus AFS offers better sensitivity.  
Despite the advantages mentioned, one drawback of AFS and AAS techniques is 
the single-element capability in comparison with modern ICP-MS, although advanced 
instruments equipped with multi-element hollow cathode lamps are able to detect 
multiple elements simutanousely.
48
 In addition, the most essential limitation for the 
application of AFS is that it can only detect elements that can be converted to hydrides or 
other volatile forms at room temperature and are able to emit fluorescence after 
excitation. But fortunately, several environmentally and biologically important elements, 
such as arsenic, selenium, tin, cadmium and mercury can form volatile species.
49
 So,  
AFS is still a good alternative to ICP-MS, whenever single-element speciation analysis 
with low cost is needed. 
49
 
1.3 Arsenic Speciation Techniques 
Analytical techniques such as inductively coupled plasma-mass spectrometry 
(ICP-MS), graphite furnace atomic absorption spectrometry (GFAAS), inductively 
coupled plasma-optical emission spectrometry (ICP-OES) and atomic fluorescence 
spectrometry (AFS) can only detect the total amount of a given element without 
distinguishing between of different species. Toxicity studies of arsenic have shown that 
 9 
 
different forms exhibit different toxicities: inorganic arsenic species are more toxic than 
organic compounds and toxicity generally decreases with increasing degree of 
methylation.
20
 Because of the need for arsenic speciation determinations based on 
different bioavailabilities and toxicities of the different arsenic species, development of 
separation methods of the different forms of arsenicals is of great interest. In addition, for 
elemental speciation analysis of real samples, in many cases the concentrations of some 
species are at or below the detection limits of available speciation techniques, and the 
sample matrix is often complex, which will affect the accuracy of the results.  
Therefore, it is of great significance to developed improved speciation methods, 
which are simple, fast, easy to automate, and compatible with subsequent detection 
techniques. In addition, in the speciation study area, there is considerable focus on the 
development and improvement of methods for arsenic extraction, separation and 
detection, since it is challenging to select an appropriate method for the extraction of 
arsenic species from different matrices without changing the oxidation state or with 
minimal loss by volatilization or adsorption. 
At least two steps are usually applied to species determination in practice: 
separation and detection. The most commonly used detection methods in speciation 
analysis are discussed in section 1.2.1. Liquid separation techniques, such as high-
performance liquid chromatography (HPLC) and less popular capillary electrophoresis 
(CE) are the most frequently used techniques for the separation of soluble arsenic 
species.
50
 Hydride generation is a relatively simple and inexpensive technique serving 
both for sample introduction and speciation but suitable only for hydride active-arsenic 
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species. Electrochemical methods are suitable only for direct measurements in simple 
solutions.
51
 
1.3.1 Chromatographic Techniques   
During the recent 5 years, there have been over 500 publications in total since 
2009 dealing with arsenic speciation by chromatographic techniques, including 42 review 
articles, based on a “Web of Science” database survey of articles whose topics contain 
terms “arsenic and chromatogra*”, showing that the chromatographic technique are 
actively used in the research of arsenic. 
 Coupling HPLC with element-specific detectors, mentioned above in section 
1.2.1, is frequently used in determining arsenic species in environmental samples.
3,52
 The 
most applied detection technique is ICP-MS, especially after HPLC separation.
11
 One of 
the most important advantages of HPLC is the extended range of separation mechanisms 
available using different mobile and stationary phases. In addition, as it has good 
precision, and is easy to interface with the subsequent detectors, such as ICP-MS, HPLC 
has been widely applied in speciation studies. When performing HPLC, minimizing the 
transfer line length and internal diameter reduces peak broadening. Several different 
nebulizers can also be used when sample matrix issues become a problem.
53
 
A number of studies have combined the good separation capabilities of HPLC 
with highly sensitive ICP–MS detection to identify and quantify arsenic species in rice 
grain, detecting As(III), As(V), and dimethylated arsenic (DMA) with, occasionally, trace 
amounts of monomethylated arsenic (MMA).
54,55
 A variety of HPLC-ICP-MS techniques 
 11 
 
have also been used for the separation of inorganic arsenic metabolites and other arsenic 
species in aqueous solutions and environmental samples.   
Normal phase chromatography, involving a polar mobile phase and nonpolar 
stationary phase, has been used for the separation of As(III), As(V), MMA and DMA and 
other arsenic species from environmental samples and standard reference materials. A 
Hamilton PRP X-100, quaternary amine anion-exchange column and ammonium 
dihydrogen phosphate as the mobile phase were used for the determination of soil 
samples.
56
 In another procedure for the separation of ten different arsenolipids in fish oils, 
normal phase HPLC-ICP-MS with various mixtures of organic solvents, such as mixtures 
containing mainly methyl isobutyl ketone (MIBK) and mainly toluene, as mobile phases 
were applied.
57
 An anion-exchange PRP-X100 column and a cation exchange Zorbax 
300- SCX column were used for the investigation of the terrestrial plant, Ceratophyllum 
demersum.
58
 A Dionex AS7 anion-exchange column
59
 together with a gradient elution 
with dilute nitric acid; and an anion Hamilton PRPX-100 column (at pH 6, and 10 mM 
phosphate mobile phase ), and a cation Hamilton PRPX-200 column (at pH 2.8 in 4 mM 
pyridine formate)
60
 were successfully applied to arsenic speciation in rice samples.  
Reversed phase HPLC, as opposed to normal phase HPLC that uses a 
hydrophobic stationary phase, has also been widely applied for arsenic speciation. Chen 
et al. applied a sequential injection dual mini-column system coupled to hydride 
generation atomic fluorescence spectrometry, achieving the separation of inorganic As(III) 
and As(V).
61
 Both a C18 column and a 717 anion-exchange resin column were used. The 
C18 column effectively retains a complex of As(III) and APDC, and the sorption of As(V) 
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is achieved with the 717 anion exchange resin. Zavala et al. applied a gradient method 
using an AS16 anion exchange column to separate As(III), As(V), DMA and MMA.
62
 
Arsenobetaine coeluted with other organic forms, and could therefore not be accurately 
quantified. In some other cases, RPLC can minimize the co-elution of some species with 
arsenobetaine.
53
 Pan et al. separated the following six arsenic-containing compounds in a 
human urine sample using a C18 RPLC column: arsenocholine (ASC), arsenobetaine 
(ASB), dimethylarsonic acid (DMA), methylarsonic acid (MMA), As(III) and As(V).
63
 
Tetrabutylammonium hydroxide ion pair reagent was used as the mobile phase in the 
column. Methanol was also used at a pH of 5.7-5.8, adjusted with malonic acid. Raab et 
al. determined arsenic phytochelatin complexes in sunflower extraction, separated by a 
C18 PRLC column with a mobile phase consisting of 1% formic acid in water and a 0 -
13% methanol gradient.
64
 
For volatile arsenic species, GC-MS
65
 and GC-ICP-MS
66
 have been used for 
studies of the stability of arsine
65
 and the arsine species formed by intestinal 
microorganisms.
66
 However, these direct headspace injection methods often suffer from 
high detection limits and are not sensitive enough for real sample analysis, and pre-
concentration is often needed. Solid phase micro-extraction (SPME)
67
, cryo-trapping
68,69
 
and chemo-trapping
70
 can be utilized to pre-concentrate the volatile arsenic compounds 
before detection. Planer-Friedrich et al. developed a cryo-trapping procedure in which the 
volatile arsenic species were trapped in a column immersed in liquid N2. The 
cryogenically trapped arsines (AsH3, MeAsH2, Me2AsH, and Me3As) were then separated 
and detected by GC-ICP-MS.
67
 However, purging after cryogenic trapping always results 
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in a sudden increase of system pressure, causing ICP plasma shutdown.
69
 Compared with 
cryo-trapping, chemo-trapping is more suitable for field studies. Mestrot et al. developed 
a method in which arsines were trapped in tubes filled with silver nitrate impregnated 
silica gel.
70
 This chemo-trapping method can pre-concentrate volatile arsine species 
present in diluted gas samples on solid supporting materials and is readily deployable in 
laboratory and field studies. 
1.3.2 Non-Chromatographic Techniques 
Hydride generation (HG) has been utilized for nearly 200 years in procedures 
known as the Marsh reaction and the Gutzeit test for the determination of arsenic. The use 
of HG in modern spectroscopic analysis began with the determination of arsenic.
71
 HG 
was used for sample introduction in atomic absorption spectrometry for the first time in 
1969 by Holak.
72
 Arsenic as the target element was isolated from the matrix as arsine, 
AsH3, and determined following decomposition to atoms. Thus the matrix interferences 
were eliminated and sensitivity was increased compared to that obtained with a nebulizer, 
which is only about 5% efficient in forming fine droplets suitable for atomization by the 
flame.
72
 Since Holak’s work there have been over 2,500 publications in total and over 
100 per year since 1994 dealing with HG coupled with atomic spectroscopic detection 
based on a survey of the “Web of Science” database. In addition, there is one book that 
focuses on the subject of hydride generation.
73
 The HG technique is not limited to arsenic 
but can also be applied for the determination of other elements such as Sb, Bi, Se, Ge, Sn, 
Pb, and Te. 
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The reagent used for HG is typically tetraborohydrate (BH4
-
), which can be 
thought of as acting as both a reductant and as a hydride source. In its reaction with the 
arsenic oxy-anions, which contain arsenic in the +5 oxidation state, the steps are believed 
to be as follows.
74
 First the arsenic compound is reduced to the +3 state, which is then 
convert to the corresponding arsine: 
RnAs(O)(OH)3−n + H
+
 + BH4
−
 + 2 H2O
 
 → RnAs(OH)3−n + H3BO3 + 3 H2 
In most current speciation studies, R is a methyl group and n ranges from 0 to 3. 
RnAs(OH)3−n + (3−n) BH4
−
 + (3−n) H+ + (6-2n) H2O  
→ RnAsH3−n
 + (3−n) H3BO3 + (9−3n) H2 
The reaction between tetrahydroborate and an oxyion in solution is pH dependent. 
For the reduction to proceed rapidly, the target species have to be fully protonated 
because negatively charged complexes would repel the BH4
-
 electrons necessary for the 
reduction of the central atom. In the case of arsenic, the reduced As(V), as As(III) (pK1 
9.2), is protonated and reacts with BH4
-
 at pH < 7; while As(V), as As(V) (pK1 2.3), 
requires a much lower pH < 2 to undergo the hydride generation reaction. Consequently, 
differentiation of As(III) and As(V) can be achieved simply by exploiting the pH 
dependency of the tetrahydroborate reduction reaction. 
Upon treatment with sodium borohydride in an acid medium: inorganic arsenic 
gives AsH3, MMA gives CH3AsH2, and DMA gives (CH3)2AsH. The arsine and the 
corresponding methylarsines are all volatile compounds with different boiling points, 
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which is the basis on which the arsenic species can be differentiated. Arsines are trapped 
in a liquid nitrogen-cold trap that is subsequently warmed to allow separation of arsine, 
methylarsine, and dimethylarsine.
75,76
 This method itself is not enough for the 
determination of oxidation states of As species; however, coupling with pH-specific 
generation of arsines allows detection and quantification of not just As(III) and As(V), 
but also MMA(III), MMA(V), DMA(III) and DMA(V).
77
  
The speciation of arsenic compounds based on HG can be done by using the 
proportional equation method, which is based on the different responses to different 
arsenical forms. A general procedure for the quantitative determination of two chemical 
forms can be based on the measurement of the signals under two different instrumental 
conditions, and on the use of the regression parameters obtained from calibration curves 
built for each one of the specific forms measured under the chosen conditions. This 
strategy can be extended to the determination of four arsenic species in the same sample 
based on the consideration of four different measurements but involving 16 slope values. 
This strategy has been applied to HG-based arsenic speciation to determine As(V), 
As(III), DMA and MMA.
78-80
 
1.4 Conclusions 
The speciation analysis of arsenic is of great importance for human health, but it is 
challenging for analysts and is still a challenge for analytical chemistry. Complete 
characterization of arsenic compounds is necessary due to the different toxicological 
effects demonstrated by particular arsenic species. The chemical nature of arsenic 
compounds, in particular their tendency to change valence states or chemical form under 
 16 
 
a wide range of pH and redox conditions, makes it difficult to assess their fate and 
mobility in the environment. There are a large number of papers on arsenic speciation in 
various matrices including a number of different extraction techniques. It is not possible 
to set a universal extraction procedure for different species and different matrices. 
Selecting the most appropriate method for the determination in arsenic species can be of 
vital importance in the achievement of reliable and accurate results. Also, the application 
of HPLC in arsenic speciation is limited by its high cost and dilution of the analytes 
during separation. Techniques enable speciation without dilution or even speciation and 
preconcentration at the same time are desired.  It is of great significance to developed 
advanced speciation methods, which are sensitive, simple, fast, easy to automate, and 
compatible with subsequent detection techniques. 
The work reported and discussed in this dissertation covers a range of topics 
within the broad field of “arsenic analytical chemistry,” including preconcentration 
metholdology of total arsenic determination, the non-chromatographic speciation of 
arsenic in natural water samples, the chromatographic speciation of arsenic in rice 
samples, and the determination of total arsenic in single rice grains. Each topic is treated 
in a separate chapter that includes a critical review of the recent and relevant literature, 
the particular research objectives, the experimental approaches, and results and discussion. 
The dissertation concludes with a discussion of the accomplishment associated with each 
of these topics, as well as some commentary on possible future research direction and 
remaining challenges. 
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Figure 1.1   Chemical structures with names, abbreviations and/or structure numbers for 
arsenic species.
2
 
 24 
 
 
 
Figure 1.2   Eh-pH diagram for aqueous As species in the system As–O2–H2O at 25 ℃ 
and 1 bar total pressure.
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Figure 1.3   (a) As(III) and (b) As(V) speciation as a function of pH (ionic strength of 
about 0.01M). Redox conditions have been chosen such that the indicated oxidation state 
dominates the speciation in both cases.
5
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Figure 1.4   Oxidative methylation pathway (a) and a glutathione conjugation (reductive) 
pathway (b) for arsenic metabolism in mammals.20 
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Figure 1.5   The pKa values of major arsenic metabolites. 
20
 
 
 
 
Figure 1.6   Plots of (blue) number of papers published each year dealing with the 
determination or arsenic, and (red) numbers of papers dealing with speciation of arsenic 
compounds, as a function of time.
11
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Table 1.1   Comparison of publications for ICP-MS, AAS, AFS, ICP-OES, INAA and 
XRF in 2009-2013 
Techniques ICP-MS AAS AFS ICP-OES INAA XRF 
Number of papers（All subjects） 93 88 205 89 31 85 
Number of papers（Analytical Chemistry） 13 76 90 20 13 6 
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CHAPTER 2 
DETERMINATION OF ARSENIC SPECIES BY CRYO-TRAPPING HG-ICP-
OES 
2.1 Introduction 
In the hydride generation-cryogenic trapping (HG-CT) method, gaseous arsines, 
which are formed by the reaction of arsenicals in aqueous samples with a suitable hydride 
transfer reagent, are cryofocussed in a cold trap with a temperature lower than the boiling 
points (BP) of all reaction products.
1,2
 The cold trap is usually a packed column cooled 
with liquid nitrogen.
1,3,4
 After trapping, the column is heated and the volatile species 
flushed into the elemental detector for analysis. This set up-is useful when improved 
detection capability is required, since preconcentration is achieved by the trapping and 
releasing procedure.
5
 In addition, the arsine gases are separated from potentially 
interference matrix compounds by the trapping and releasing steps.
6
 
In addition, fractional vaporization is enabled and the arsenicals can be 
sequentially determined by carefully controlling the temperature increase because of the 
differences in their boiling points.
4,7
 Such a system permits the separation of the 
following hydride species: AsH3 (BP -55 °C, derived from As(III) and As(V)), CH3AsH2 
[BP 2 °C, derived from MMA(V)] and (CH3)2AsH [BP 35.6 °C, derived from DMA(V)]. 
In practical, to get satisfactory resolution between the released signal peaks of species, a 
separation of arsenic species using this system also utilizing different column packings 
such as gas chromatographic packing.
7
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The cryogenic trapping system is also useful for the determination of volatile 
species. Bacteria are known to form volatile arsenic species.
8
 Solutions and extracts can 
be purged with carrier gas and volatile species trapped using a packed column cooled 
with liquid nitrogen. The columns can then be attached to a detector, such as ICP-MS, 
warmed and the eluted species quantified.
8
 Cabredo et al. utilized a cold trap system for 
the simultaneous determination of arsenic, antimony, selenium and tin by continuous 
hydride generation and gas phase molecular absorption spectrometry. The hydride 
generation was carried out in two steps followed by the cold trap to collect all the 
hydrides and release them simultaneously to the detector.
9
 The cold trap system has also 
been used to collect volatile arsenic compounds released from rice samples to investigate 
the possible loss of volatile arsenic species during the oven-drying stage of rice analysis.
10
 
In the work described in this chapter, a continuous flow injection hydride generation 
system combining a cryogenic trap, which functions as a cold trap preconcentration 
device, enabled trace arsenic detection by ICP-OES, which often are not sensitive enough 
for trace arsenic detection. Instrumental parameters such as purge gas flow, hydride 
generation condition and trap warm-up condition were optimized to achieve highest 
possible preconcentration factor.  
2.2 Research Objective 
The goal of the research was to devise a preconcentration procedure using a 
simple cryogenic trap for the ICP-OES determination of total arsenic in liquid solution 
samples. In addition, the future possibility of simultaneous speciation and 
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preconcentration, using a more complex trap with gas chromatographic material packing 
and advanced temperature control device, was proposed based on the system studied.  
2.3 Experimental 
2.3.1 Reagents 
All chemicals were of analytical reagent grade. All solutions were prepared in 18 
MΩ cm deionized water from a Barnstead E-pure system (Barnstead, Dubuque, USA). 
Solutions of sodium tetrahydroborate (98% purity, Alfa-Aesar, Ward Hill, MA) were 
freshly prepared daily by dissolving the appropriate amount of NaBH4 in 0.5% (m/v) 
sodium hydroxide. The daily working standards for arsenic species were made from stock 
solutions (1000 mg L
-1
) prepared from sodium arsenite (NaAsO2) (Aldrich, Milwaukee, 
USA), sodium arsenate (Na3AsO4∙7H2O) (Fisher Scientific, Pittsburgh, USA), disodium 
methyl arsenate [(CH3)AsO3Na2∙6H2O] (ChemService, West Chester, USA), and 
cacodylic acid [(CH3)2AsO(OH)] (Aldrich, Milwaukee, USA) by dissolving the 
accurately weighed solid material in deionized water. These stock solutions were kept at 
4 °C in the dark. Argon gas used as carrier gas was delivered from liquified gas cylinders 
(Airgas, Salem, US).  
2.3.2 Instrumentation 
Three peristaltic pumps (two were built-in parts of the atomic fluorescence 
spectrometer, the other was from Cole Parmer, Vernon Hills, US), equipped with pump 
tubing of different internal diameters (Santoprene tubing with i.d. 1.85 mm for carrier and 
sample flow, Santoprene tubing with i.d. 1.30 mm for NaBH4 flow and Tygon tubing 
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with i.d. 2.78 mm for the drain) were used. Two of them controlled the flows of acidified 
sample and borohydride through the system into a glass, gas-liquid separator (part number 
M055G003, PS Analytical, Deerfield Beach, FL, USA); and the other one drained the 
waste from the gas–liquid separator. Volatile arsenic compounds released by hydride 
generation reaction were separated with the gas-liquid separator. Argon gas, introduced 
through Teflon tubing into the gas-liquid separator, served as a purge gas. The liquid was 
discarded to waste, while the gases were passed through a Permapure Nafion dryer system 
(PS Analytical, Deerfield Beach, FL, USA part number M025D002) to remove the 
moisture before they entered the cryogenic trap. The volatile arsenic compounds were 
trapped with liquid nitrogen in a glass coil 11 cm long, diameter of 1.5 cm with internal 
diameter of 2 mm. Hydride generation conditions and other experimental parameters are 
listed in Table 2.1. After cryogenic trapping, the liquid nitrogen was replaced by a room-
temperature water bath containing a magnetic stirring bar to facilitate the heating process 
of the trapping coil to release the arsenic analytes. The trapping coil was connected to the 
ICP-OES instrument as an arsenic detector. The ICP-OES instrument was an Optima 
4300 flat plate optical emission spectrometer from PerkinElmer, Inc. (Shelton, CT). The 
Optima 4300 emission instrument was fitted with a GemCone nebulizer with glass 
cyclonic spray chamber, also from PerkinElmer, Inc. Instrumental conditions and other 
experimental parameters are listed in Table 2.2. A schematic diagram of the HG-CT-ICP-
OES system is presented in Fig. 2.1 
2.3.3 Optimization 
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The figure of merit for the optimization process was maximum optical emission 
intensity (cps). The single-cycle, alternating-variable method was selected for the 
optimization. The effects of borohydride concentration, HCl concentration on the signal 
were investigated for a solution containing 20 μg L-1 As(III). The dryer gas flow for the 
Permapure dryer system and the ICP-OES parameters were set as recommended by the 
instrument manufactures.  
The effect of the borohydride concentration and sample acidity were studied by 
varying these parameters within the ranges 0.1–2% (m/v) NaBH4 in 0.5% (m/v) NaOH, 
and 0.1–1.5 M HCl. The effect of argon carrier gas flow was investigated within the range 
150–350 mL min-1 at 0.6 M HCl and 0.2% (m/v) NaBH4. It is known that under flow 
injection conditions, the sensitivity for As(III) is greater than that of As(V), and so it was 
expected that under whatever conditions were selected for the determination of As(III), 
the sensitivity for As(V) would be lower.  
The effect of the procedure for warming up the glass coil to releasing arsine gas 
into ICP-OES after cryogenic trapping was evaluated. Three different warming-up 
conditions were compared: 1, warming up by ambient room temperature air to equilibrate 
to the temperature at about 25 °C; 2, warming up by ice water bath to equilibrate to the 
temperature at 0 °C with magnetic string bar; 3, warming up by room temperature water 
bath to equilibrate to the temperature at about 25 °C with magnetic string bar. The figures 
of merit for the optimization were the signal intensity and the peak shape obtained.  
2.3.4 Arsenic Standard Determination 
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Under optimized conditions, corresponding hydride species [AsH3, CH3AsH2 and 
(CH3)2AsH] derived from hydride generation of  three different species [As(III) at 0 - 40 
μg L-1, MMA(V) at 50 μg L-1  and DMA(V) at 50 μg L-1], without cryogenic trapping was 
measured. The ICP-OES instrument, connected at the opposite end of the trap to the gas-
liquid separator, was used to monitor if any volatile arsenic compound was not trapped 
and escaped along with the purge gas.  
In the cold trapping step, 10 mL of each standard was introduced into the hydride 
generation system and the derived arsenic gas was trapped into the coil that was soaked in 
the liquid nitrogen. During the warming-up and releasing process, the glass coil trap was 
removed from liquid nitrogen and placed in a room-temperature water bath, and the ICP-
OES instrument was used as an arsenic detector to record the evolved the peak. A 
calibration curve using the peak height responses for 10 mL of 0.0, 5.0, 20 and 40 μg L-1 
of As(III) solutions in 0.6 M HCl was constructed.  
2.4 Results and Discussion 
2.4.1 Arsine gas produced by Hydride Generation  
Figure 2.2 (a) shows the effect of NaBH4 on the signal intensity of 20 μg L
-1
As(III) 
when and HCl concentration was 0.6 M. NaBH4 is necessary for the reduction and 
conversion of inorganic arsenic, MMA(V), DMA(V) to their corresponding arsines, 
AsH3, CH3AsH2, and (CH3)2AsH, respectively. 0.2% (m/v) NaBH4 was used to achieve 
the optimum generation of all three arsines. Figure 2.2 (b) shows the signals from the four 
arsenic species were obtained when HCl was 0.1–1.5 M when the concentration of 
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NaBH4 is 0.2% (m/v) on the signal intensity of As(III) at 20 μg L
-1
. 0.6 M HCl is chosen 
for the rest of the study.  
Figure 2.2 (c) shows the effect of carrier gas flow rate on the signal intensity from 
the four arsenic species. With a too low gas flow (<250 mL min
-1
), the dispersion resulted 
in low signal intensity. With a too high flow rate (>250 mL min
-1
), the signal does not 
increase anymore, instead, too much argon gas may cause dilution of the arsenic 
concentration and the signal decreased a little bit. An argon flow rate of 250 mL min
-1
 
was suitable for the hydride generation carrier gas. 
Arsine gas generated from the hydride generation system under the optimized 
condition was determined by ICP-OES. The arsenic standard solutions used to generate 
arsine gases as shown in Figure 2.3 using As(III) at 20 μg L-1. Under the optimized 
condition, MMA(V) and DMA(V) does not product detectable signal up to concentration 
at 50 μg L-1. Figure 2.3 shows that, arsine gas begins evolving and reaches the ICP-OES 
detector after 20 second, and the signal increase to a platform at the intensity of about 200 
cps when the continuous flow of acidified sample and NaBH4 solution were introduced 
into the system. Since As(V) and As(III) produce identical arsine gas (AsH3), for future 
sample study, strategy of pre-reduction of As(V) to As(III) can be applied so that total 
inorganic arsenic will be determined. Figure 2.4 shows the calibration constructed by 
As(III) at concentrations of 0, 1, 10, and 50 μg L-1.The calibration function obtained was 
Y = 19.3 X + 12.9, where Y is the emission intensity with the unit of cps and X is the 
As(III) concentration with the unit of μg L-1.Regressiong coefficient as R was 0.99, 
indicating a good linear fit.  
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2.4.2 Preconcentration of Arsine Gas  
After hydride generation produced arsine gas was introduced into the cryogenic 
coil trap, the gas phase that was not trapped was simultaneously introduced into ICP-OES 
to monitor if any gaseous arsenic compounds was escaped from the cold trap. Results are 
shown as Figure 2.5, where the intensity at wavelength 193.696 nm was not significantly 
different from blank, indicating a 100% efficient trapping of gaseous arsenic analytes. 
Figure 2.6 shows the evolved signal during the warm-up and releasing step when 
10 mL 20 μg L-1As(III) was trapped and released. A peak was observed with a peak 
height of about 5000 cps, which indicating that 25 times preconcentration factor was 
achieved compare the original hydride generation signal of around 200 without the cold 
trap. Figure 2.7 shows the chromatograms from the evolved signal during the warm-up 
and releasing step when 10 mL 50 μg L-1 DMA and MMA were trapped and released, 
respectively. While under the same condition without cold trap, 50 μg L-1 DMA and 
MMA were not detectable by ICP-OES.  
2.4.3 Calibration Curve 
Calibration plots were made under optimum conditions.  As shown in Figure 2.8, 
the calibration constructed by As(III) at concentrations of 0, 1, 10, and 50 μg L-1.The 
calibration function obtained was Y = 225.3 X + 72.9, where Y is the emission intensity 
with the unit of cps and X is the As(III) concentration with the unit of μg L-1.Regressiong 
coefficient as R was 0.99, indicating a good linear fit.  
2.5 Conclusions 
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Often, ICP-OES is not the preferred instrumental technique for trace arsenic 
detection since the LOD is not satisfactory for real sample analysis. Zhou et al. listed a 
LOD for arsenic comparison among several popular elemental analysis techniques; and 
ICP-OES has a LOD of 50 µg L
-1
, while HG-AFS, ETAAS and ICP-MS have LODs of 
0.03, 0.5, and 0.006, respectively.
11
 Hung also reviewed the analytical techniques and 
LODs obtained for arsenic in water samples over 10 years from 1994-2004, shown as 
Table 2.3.
12
 It is noticeable that ICP-OES has relative large LOD of arsenic detection 
compared to other techniques. Thus, ICP-OES is not very often used in the analytical 
research of arsenic detection. However, ICP-OES has advantages such as simultaneous 
multi-element detection, less susceptible to matrix interferences, and better able to correct 
for them when they occur.
13
 In cases where sample volume is not limited, ICP-OES 
provides detection limits as low as, or lower than its best competitor, GFAAS, for almost 
all but a few elements. In addition, simplicity with which the ICP-OES instrument is 
operated outweighs the loss in sensitivity in some application cases.
13
  
In the study described in this chapter, a method of HG-CT-ICP-OES for total 
arsenic determination has been developed. The analysis of trace arsenic by ICP-OES was 
made possible when a preconcentration step of cryogenic trapping(CT) was applied. A 
preconcentration factor of 12 was achieved by compare the calibration slope ratio 
obtained with and without the cold trap.  
Following cold-trapping (CT), the hydrides were released within 4 minutes by 
warming up the glass coil in a water bath of optimized temperature.  Preconcentration of 
As(III), As(V), MMA and DMA was successfully achieved using the developed system. 
 37 
 
The system used in this study is simpler and easier to use than systems described in 
previous studies.
8,14
 
However, simultaneous separation and preconcentration was not able to 
accomplish through the same system. Future work for speciation could introduce more 
advanced cold traping system, such as cold trap with digital contoled temperature 
adjustment and chromotagraphic packing to facilitate the separation. 
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Table 2.1   Hydride generation conditions 
Parameter Setting 
Ar flow rate 250 mL min
-1
 
Sample flow rate 9.0 mL min
-1
 
NaBH4 flow rate 4.5 mL min
-1
 
HCl concentration 0.6 M 
NaBH4 concentration 0.2 % (m/v) 
Sample volume 10 mL 
 
 
Table 2.2   Operating conditions for ICP-OES 
Parameter Setting 
RF power 1500W 
Lens voltage 8 V 
Pulse stage voltage 1600 V 
Nebulizer gas flow 0.55 L min
-1
 
Plasma gas flow 15 L min
-1
 
Auxiliary gas flow 0.2 L min
-1
 
Nebulizer GemCone 
Viewing type Axial  
Wavelength monitored 193.696 nm 
 
 40 
 
 
 
Figure 2.1   The schematic diagram of the HG-CT-ICP-OES system. 
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Table 2.3   Analytical parameters and LODs obtained by various detection techniques for 
arsenic in water samples.
12
 
 
FI: flow injection 
SE: solid extraction 
KR: knotted reactor 
PDC: porrolidine dithiocarbamate 
AE: anion exchanger 
SPE: solid phase extraction 
GF: graphite furnace 
CE: capillary electrophoresis 
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Figure 2.2   Effect of (a) NaBH4 concentration, (b) HCl concentration, (c) carrier gas flow rate on the signal 
intensity of 20 1 μg L-1 As(III).  
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Figure 2.3   Arsine gas produced by HG-ICP-OES system using As(III) at 20 μg L-1. 
 
 
 
Figure 2.4   Calibration curve for the HG-ICP-OES system for As(III). The line is the best 
fit by least squares regression analysis. Equation is given in the text. 
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Figure 2.5   Arsenic signals monitored by ICP-OES after arsine gas passed through the 
cryogenic coil trap. Arsine gas was produce by hydride generation using As(III) at 20 μg 
L
-1
. 
 
 
Figure 2.6   The evolved signal during the warm-up and releasing step after 10 mL 20 μg 
L
-1
As(III) was trapped. 
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Figure 2.7   The evolved signal during the warm-up and releasing step after 10 mL 50 μg 
L
-1 
DMA and MMA were trapped, respectively. 
 
 
Figure 2.8   Calibration curve for the HG-CT-ICP-OES system for As(III). The line is the 
best fit by least squares regression analysis. Equation is given in the text. 
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CHAPTER 3 
NON-CHROMATOGRAPHIC SPECIATION OF INORGANIC ARSENIC BY 
ATOMIC FLUORESCENCE SPECTROMETRY WITH FLOW INJECTION 
HYDRIDE GENERATION WITH A TETRAHYDROBORATE-FORM ANION-
EXCHANGER 
3.1 Introduction 
A major source of human exposure to inorganic arsenic is naturally contaminated 
drinking water from wells.
1
 The resulting adverse health effects are a major concern for 
many countries, particularly those in SE Asia where thousands are predicted to die from 
arsenic-induced cancers.
2,3
 Suitable analytical techniques are needed therefore to support 
studies of arsenic contamination, with a particular need for the rapid, accurate and low-
cost analysis of groundwater.  
In the determination of arsenic, hydride generation (HG) is a commonly used 
sample introduction technique for atomic spectrometry, as it not only enhances the atom 
number density significantly compared to those of nebulizer techniques but also separates 
the analyte from potential matrix interferences.
4
 The technique also has potential for 
speciation analysis without chromatographic (or other real) separation of the analytes, as 
by adjusting the reaction conditions (principally the borohydride and acid solution 
concentrations), speciation can be achieved by the selective conversion of one species 
into a volatile hydride.
5
 However, due to the instability of the aqueous borohydride 
solutions and the significant consumption of both borohydride and acid, there is interest 
in the generation of hydrides from solid reagents. Maleki et al.
6
 used solid sodium 
borohydride and solid tartaric acid to generate plumbane. Tesfalidet and Irgum
7
 first 
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reported the generation of arsine with a column packed with an anion-exchange resin in 
the tetrahydroborate form. Tyson and coworkers have adapted this concept as the basis of 
flow injection atomic absorption spectrometry methods for the determination of 
cadmium,
8
 antimony,
9
 lead,
10
 and selenium
11
 with both quartz tube and graphite furnace 
atomizers. They also showed that potential for the speciation analysis of arsenic.
12
 The 
relative sensitivities for As(III) and As(V) are closer when the anion-exchange procedure 
is applied
11 
than is typically the case for flow injection HG in open tubular reactors.
13
 The 
anion-exchange procedure not only decreases the consumption of reagents but also 
decreases matrix interferences, as the effective concentration of the borohydride is 
increased and the contact time between borohydride and matrix components is decreased.  
Atomic fluorescence spectrometry (AFS) is a viable detection technique for 
speciation studies concerning hydride-forming elements including arsenic.
14
 A search of 
the “Web of Science” database for the past 6 years with “atomic absorption and arsenic”, 
“atomic fluorescence and arsenic”, “ICP MS and arsenic” in the title field shows that 
ICP-MS and AAS are the most popular techniques, with 65 and 86 publications in 
database, respectively. Over the same time period, there were 56 publications describing 
the determination of arsenic by AFS. For the detection of arsenic, Heiler et al. found
15
 
that AFS was more precise, providing detection limits lower than those of AAS. AFS and 
ICP-MS have similar limits of detection for arsenic.
14,16,17
However AFS has advantages 
of much lower costs, and shorter warm-up times prior to analysis. Thus it is a viable 
alternative to ICP-MS or AAS, when low-cost, single-element speciation analysis with 
low-detection capability is needed.
16
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The methodology described here for inorganic arsenic speciation is based on that 
of Gonzalvez et al.,
18
 who exploited the different behaviors of arsenic species in the HG 
reaction under two different conditions, combined with generation of arsine from reaction 
with a borohydride-form ion-exchanger. In general, the peak height of fluorescence 
intensities, I, measured under conditions A and B are related to As(III) and As(V) 
concentrations as follow:  
IA = αA + βA,IIICIII + βA,VCV 
IB = αB + βB,IIICIII + βB,VCV 
where IA and IB are the peak height of fluorescence intensities under conditions A and B, 
respectively; C is concentration, αA and αB are the average intercept values of the linear 
calibrations for As(III) and As(V) under conditions A and B, respectively; βA and βB are 
the slopes of the linear calibrations obtained under conditions A and B, respectively; and 
the Roman numerals III and V indicate values for As(III) and As(V), respectively. To 
create a second set of reaction conditions with different senstivities, Gonzalvez et al. 
added KI and ascorbic acid. In this work, L-cysteine was added, which is known to have a 
number of beneficial effects on the reaction between inorganic arsenic and borohydride.
19 
3.2 Research Objective 
To the best of our knowledge, the application of immobilized tetrahydroborate for 
the determination of arsenic by AFS has not been previously reported. The goal was to 
develop a method for the accurate determination of inorganic arsenic species in natural 
water samples, and thus the tolerance to interferences was investigated, the detection limit 
was measured, and the method was validated by the analyses of spiked samples and a 
standard reference material, NASS-6, for which was reported the first speciation data. 
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This method was applied to the analysis of a number of water (tap, well, pond and sea) 
samples, for none of which was the arsenic concentration below the LOD. 
3.3 Experimental 
3.3.1 Reagents 
All chemicals were of analytical reagent grade. All solutions were prepared in 18 
MΩ cm deionized water from a Barnstead E-pure system (Barnstead, Dubuque, USA). 
Solutions of sodium tetrahydroborate (98% purity, Alfa-Aesar, Ward Hill, MA) were 
freshly prepared daily by dissolving the appropriate amount of NaBH4 in 0.5% (m/v) 
sodium hydroxide. The daily working standards for arsenic species were made from stock 
solutions (1000 mg L
-1
) prepared from sodium arsenite (NaAsO2) (Aldrich, Milwaukee, 
USA), sodium arsenate (Na3AsO4∙7H2O) (Fisher Scientific, Pittsburgh, USA), disodium 
methyl arsenate [(CH3)AsO3Na2∙6H2O] (ChemService, West Chester, USA), and 
cacodylic acid [(CH3)2AsO(OH)] (Aldrich, Milwaukee, USA) by dissolving the 
accurately weighed solid material in deionized water. These stock solutions were kept at 
4 °C in the dark. 
Interference studies were carried out by adding stock salt solutions individually 
into arsenic-containing solutions. The salt stock solutions were prepared from ferric 
chloride (FeCl3), manganese chloride (MnCl2·4H2O), zinc nitrate [Zn(NO3)2·6H2O], 
cupric chloride (CuCl2·2H2O ), lead nitrate [Pb(NO3)2] (Fisher Scientific, Pittsburgh, 
USA), calcium chloride (CaCl2·2H2O), magnesium chloride (MgCl2·6H2O) (Alfa Aesar, 
Ward Hill, USA) and sodium selenite (Na2SeO3) (Aldrich, St. Louis, USA). L-Cysteine  
(Aldrich, Milwaukee, USA) was added to all working standard solutions and samples at a 
final concentration of 0.5% (m/v). The resin was Amberlite IRA-400 (Aldrich, 
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Milwaukee, USA), which is a strongly basic, anion-exchanger containing quaternary 
ammonium functional groups on a styrene-divinylbenzene structure. The certified 
reference material NASS-6 was purchased from the National Research Council Canada 
(Ottawa, Canada). Hydrogen and argon gas were delivered from compressed gas cylinders 
(Airgas, Salem, US). 
3.3.2 Instrumentation 
The atomic fluorescence spectrometer was a model Millennium Excalibur, (PS 
Analytical, Deerfield Beach, FL, USA), with a built-in Permapure dryer system (part 
number M025D002) and a gas–liquid separator (part number M055G003). The 
instrument was modified so that the flame was sustained by hydrogen from a cylinder 
rather than from the reaction of excess borohydride with acid in the continuous flow 
mode that is the normal operating procedure. Hydrogen gas was introduced through 
Teflon tubing into the system by merging with the purging argon gas before they were 
introduced into gas-liquid separator. The hydrogen flow rate was controlled by a needle 
valve (Swagelok, Cleveland, US) and measured by a soap-bubble flow meter. The 
operating conditions are given in Table 3.1. Operation was controlled by Sams software 
(PS Analytical), which also recorded the transient signal that evolved after the acidified 
sample flowed though the anion-exchange column in the borohydride form. Peak height 
was measured and further data processing was done with Microsoft Excel. 
The manifold, based on the design of Rodriguez and Tyson,
9
 is shown 
schematically in Fig. 1. The column consisted of a glass tube of 60 mm length and 4 mm 
id, containing approximately 0.8 g of Amberlite IRA-400 resin, with glass wool packing 
at either end to prevent loss of resin and blockage of the connecting tubes. Other tubing 
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was 0.8 mm id PTFE tubing. Before use, the freshly packed resin column was 
conditioned by washing several times alternately with 5% (m/v) borohydride and 0.1 M 
hydrochloric acid solutions. Two six-port rotary valves (Supelco, Bellefonte, PA, USA) 
connected the column and the sample loop (500 µL) to the manifold. Three peristaltic 
pumps (two were built-in parts of the atomic fluorescence spectrometer, the other was 
from Cole Parmer, Vernon Hills, US), equipped with pump tubing of different internal 
diameters (Santoprene tubing with i.d. 1.85 mm for carrier and sample flow, Santoprene 
tubing with i.d. 1.30 mm for NaBH4 flow and Tygon tubing with i.d. 2.78 mm for the 
drain) were used. Two of them controlled the flows of carrier and borohydride through 
the system; and the other one drained the waste from the gas–liquid separator. The three-
step operating procedure
9
 is shown in Fig. 1. In the load position, Fig. 1(a), the 
borohydride solution was pumped through the column for 60 s, converting the column to 
the borohydride form. At the same time, the carrier solution (deionized water) was 
pumped constantly through the system. Next, valve 2 was switched to the inject position, 
Fig. 1(b), and the column was washed with the carrier solution while the sample loop of 
valve 1 was filled. Finally, valve 1 was then switched to the inject position, Fig. 1(c), and 
the acidified sample was carried through the column to generate arsine. The optimum 
operating conditions, selected after the preliminary experiments, are given in Table 3.1. 
3.3.3 Optimization 
Although the figure of merit for the optimization process was maximum 
fluorescence peak height, boundary conditions relating to extinguishing of the flame, poor 
precision, and time of analysis were taken into account. The single-cycle, alternating-
variable method was selected with peak height as the figure of merit to be maximized for 
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the optimization, based on previous work.
10
 Several iterations were made in order to 
establish the boundaries of the factor space. Results for the final cycle are shown. The 
effects of borohydride concentration, the time the borohydride solution was passed 
through the column, the flow rate of the borohydride and carrier solution, the carrier gas 
flow rate, the sample acidity, and the L-cysteine concentration on the signal were 
investigated for 0.8 g of resin in the column. The acidified sample flowed through the 
column in the same direction as tetrahydroborate-loading solution. Dryer gas flow and 
lamp parameters were as recommended by the instrument manufacture. Since the method 
described here is not a continuous-flow method and uses much smaller amounts of HCl 
and NaBH4, thogh does require an auxiliary hydrogen supply to sustain the flame. The 
hydrogen flow rate was chosen to match that produced in the conventional continuous 
flow hydride generation mode.  
The effect of the borohydride concentration and sample acidity were studied by 
varying these parameters within the ranges 0.5–5% (m/v) NaBH4 in 0.5% (m/v) NaOH, 
and 0.05–0.7 M HCl. The length of time that the borohydride was passed through the 
column was varied from 10 to 160 s. The effect of L-cysteine concentration was 
investigated within the range 0.1-2% (m/v) at 0.1 M HCl and 5% (m/v) NaBH4. The 
borohydride and carrier flow rates were varied from 2.2.5 to 4.5 mL min
-1
, and from 1.6 
to 13.4 mL min
-1
, respectively. Parameters were optimized for a sample solution of 1 μg 
L
-1
 As(III). It is known that under flow injection conditions, the sensitivity for As(III) is 
greater than that of As(V), and so it was expected that under whatever conditions were 
selected for the determination of As(III), the sensitivity for As(V) would be lower. Even if 
the sensitivities were the same, this would not affect the ability of the procedure to 
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distinguish between the two species as the basis of the method is that under a second set 
of conditions, the sensitivity of at least one species is different from that obtained under 
the first set of conditions. 
3.3.4 Analytical Performance 
Under optimized conditions, calibration curves for 500 μL of 0.0, 0.3, 1.5, 3 and 6 
μg L-1 of arsenic solutions in 0.7 M HCl, and in 0.1 M HCl and 0.5% (m/v) L-cysteine 
were constructed. Detection limits were calculated as the concentrations that gave signals 
equal to three times the standard deviations of 10 blank signals. The RSD of five replicate 
signals for solutions containing 0.5 μg L-1 of arsenic was calculated.  
3.4 Results and Discussion: 
3.4.1 Parameter Optimization: 
The effects of (a) concentration of NaBH4, (b) loading time of NaBH4, (c) carrier 
flow rate, (d) sample acidity, (e) carrier gas flow rate, and (f) L-cysteine concentration are 
shown in Fig. 2. Since the atomic fluorescence spectrometer is using a flame atomizer, ta 
relatively stable gas flow is needed. As a result, the concentrations of HCl and NaBH4 
used in the HG reaction were restricted in order to product a moderate amount of H2 gas 
so that the flame would not be disturbed (or extinguished). As shown in Fig. 2, the 
concentrations of HCl and NaBH4 that gave maximum signals without extinguishing the 
flame were 0.7 M (Fig.2d and 5% (m/v) (Fig.2a), respectively. A concentration of 5% 
(m/v) NaBH4, at a flow rate of 4.5 mL min
-1
, and a loading time of 60 s were chosen as 
optimal. Studies on the effect of the carrier flow rate (Fig. 2c) showed an increase in the 
signal, as the carrier flow rate varied from 1.6 to 13.4 ml min
-1
, and reached the 
maximum value at 7.5 ml min
-1
.  
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Studies of the effect of argon flow rate, shown in Fig. 2e, showed that a maximum 
was obtained when the argon flow rate was set to a value of 250 ml min
-1
, which is the 
same as suggested value by the manufacturer for conventional continuous flow HG. The 
slight decrease of fluorescence signal at higher carrier flow rate is considered to be the 
result of dilution in the gas phase. 
The L-cysteine concentration was varied between 0 and 2% (m/v) in 0.1 M HCl. 
Fig.2f shows that 0.5% (m/v) L-cysteine, where the signal was maximized, was able to 
increase the As(III) fluorescence signal by a factor of about three. 
The effect of acid concentration in the presence of 0.5% (m/v) L-cysteine was also 
studied. The fluorescence signal, which reached the highest value at only 0.1 M HCl, was 
even greater than the signal for 0.7 M HCl in the absence of L-cysteine. This means that 
less acid is consumed when L-cysteine is added. In addition, the background signal was 
lower. Under the optimized conditions, up to three measurements could be made before 
the column had to be reloaded with NaBH4 。     
 
3.4.2 Analytical Performance: 
The equations of the calibrations and the other performance figures of merit are 
summarized in Table 3.2. In the absence of L-cysteine (condition A), the sensitivity for 
As(V) was about 80% of that of As(III), probably because of slower reaction kinetics, as 
the As(V) has to be reduced to As(III) by the borohydride before arsine is generated. This 
relative sensitivity is in accordance with the results of previous studies.
11,13
 In the 
presence of L-cysteine (condition B) the sensitivities for the two species were the same, 
which is interpreted as the complete reduction of As(V) to As(III). At the same time, the 
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sensitivity for As(III) was increased by 21%. By combining the equations under each 
condition, the intensity (peak height in arbitrary units provided by the instrument 
software) under each condition is proportional to the concentration of As(III) and As(V) 
(in µg L
-1
). Calibration curves, based on the measurement of 0, 0.3, 1.5, 3 and 6 µg L
-1
 
As(III) and As(V) standards, had the following equations: 
IA = 61+ 192CIII + 150CV 
IB = 48 + 232CIII + 233CV 
The LODs were 13 and 15 ng L
-1
 for As(III) and As(V), respectively for a 500 μL 
sample volume. The precision, expressed as %RSD (n= 5), was 4.3%, and 4.1% for 0.5 
μg L-1 As(III) and As(V) in 0.7 M HCl and 3.8% and 3.6% for 0.5 μg L-1 As(III) and 
As(V) in 0.1 M HCl with 0.5% L-cysteine, respectively. Under the conditions given in 
Table 3.1, the measurement time is just over 3 min per sample, comprising 60 s for 
column and sample loading, 5 s for the column rinse, 60 s for fluorescence detection, and 
60 s for column wash.  
3.4.3 Interferences 
The results of the determination of the matrix elements showed that calcium and 
magnesium were two of the most abundant elements in the collected natural water 
samples, all of which were present at concentrations less than 10 mg L
-1
. The interference 
effects of several coexisting elements at different concentrations in 0.7 M HCl and 0.1 M 
HCl with 0.5% (m/v) L-cysteine are shown in Table 3.3. No interference, up to 100 mg L
-
1
, was seen for calcium and magnesium. Zinc, manganese and lead did not affect the 
arsenic signal at concentrations of 0.001 and 0.1 mg L
-1
. Iron(III) and copper suppressed 
the arsenic signal at concentrations of both 1 and 10 mg L
-1
. The presence of copper 
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resulted in 11 and 73% signal depressions at concentrations of 1 and 10 mg L
-1
, 
respectively. In the presence of iron(III), the corresponding decreases in the signals were 
32 and 53%. The interference effects of copper and iron on HG procedures are well 
known due to the competition between the analyte and the interferent metals for the 
borohydride and the decomposition of the arsine on the surfaces of metal and metal 
boride precipitates.
20,21 
Previous study has shown that the extent of interferences is 
decreased for the column reactor compared with those observed in homogeneous 
solution.
10
 
The hydride-forming element, selenium in the form of selenite affected the arsenic 
signal when added at concentrations of 1 and 10 mg L
-1
 when the arsenic signals were 
suppressed by 22% and 63%, respectively. Interferences from selenite can be attributed to 
competitive reactions in which the selenite competes with the arsenic species for sodium 
tetrahydroborate to form hydrides.
22,23
 When measured under the same condition (0.1 M 
HCl with 0.5% L-cysteine), the sensitivities for DMA and MMA are 50% and 17% of 
that for As(III), respectively. The presence of these methylated compounds would 
constitute an interference. 
With the addition of L-cysteine, simultaneous signal enhancement and decrease of 
interferences has been observed previously for the determination of arsenic by other 
researchers.
19,24
 In this study, employing L-cysteine decreased the interference effects of 
from Fe(III) and Cu(II) significantly as shown in Table 3.3. The mechanism by which L-
cysteine acts as a masking reagent to decrease inferences is not clear. There is evidence 
for the formation of an intermediate compound between L-cysteine with borohydride 
which has a greater hydride-forming efficiency than borohydride itself.
19,25
 Also the 
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decrease of the interferences from transition ions may be due to the fact that L-cysteine is 
a ligand and a reductant and could reduce and react with interfering ions to produce 
complexes that are less reactive towards borohydride than the original aquo ions.
20
  
It was also found that under condition B, at least five replicate measurements 
could be made without reloading the column; whereas under condition A, the number of 
replicates was only three. This is attributed to the lower concentration of acid for 
condition B, which results in less consumption of borohydride.  
3.4.4 Determination of Arsenic in Natural Waters 
The applicability of the procedure is shown by the measurement of arsenic species 
in all of the water samples examined. The reliability of the procedure was confirmed by 
the analysis of spiked natural water samples and by the analysis of the certified reference 
material. The results are shown in Table 3.4 from which it may be seen that the recoveries 
ranged from 88 to 112%, indicating that arsenic can be quantitatively recovered from 
various fresh waters. 
However, the analyses of seawater was subject to more significant interferences 
such that low recoveries were obtained using external calibration with standard solutions, 
which could be a result of both the higher ionic strength and higher iron(III) 
concentrations of the seawater samples, as shown in Table 3.9. To overcome the 
interference problem, standard additions were employed. Multiplicative interferences 
were assessed by comparing standard and analyte addition calibration curves. Both 
analytical curves showed good linearity. The recoveries, which ranged from 94 to 98%, 
are shown in Table 3.5. The accuracy of the method was also verified by the analysis of 
certified reference material NASS-6 (seawater). The resulting values for the total arsenic 
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concentration (1.40 ± 0.03 μg L-1, n = 3, the ± term is one standard deviation) is not 
significantly different from the reference value of 1.43 ± 0.12 μg L-1. The resulting value 
also indicates that the dominant detectable arsenic species are As(V) and As(III), since 
methylated arsenic species, such DMA and MMA, are hydride active and interfere with 
the arsenic fluorescence signal. To the best of our knowledge, there is no report of the 
arsenic speciation in NASS-6. NASS-5, which has now been replaced by NASS-6, has 
been in the development of arsenic speciation methods.
26,27
 Yip et al.
26
 determined the 
arsenic speciation by ion chromatography ICP-MS and found the concentrations of 
As(III) to be not detectable and that of As(V) to be 1.23 μg L-1. Hsiung and Wang27 found 
0.44 μg L-1 As(III) and 0.84 μg L-1 As(V) in NASS-5 by cryogenic trapping HG-AAS. 
Although the results for the total arsenic content were not significantly from the reference 
value of total arsenic (1.27 μg L-1), it can be seen that the speciation of As(V) and As(III) 
results were quite different, possibly related to oxidation during storage and/or 
preparation.  
The standard addition method applied to the seawater samples could also be 
applied to fresh waters if interferences were significant. The metal species content of 
natural waters is correlated with both the composition of the sediment or mineral surface 
coatings
28
 and microbial activity
29,30
 and can be significantly different from place to 
place, so it is possible that a fresh water matrix could generate non-negligible 
interferences.  
3.5 Conclusions   
As for the previous methods involving HG from a borohydride-form anion 
exchanger,
8-10
 the method for the determination of arsenic has the advantage of 
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considerably decreased consumption of reagents compared with the consumption for the 
conventional continuous flow homogeneous reaction procedure. This is particularly true 
of the consumption of hydrochloric acid, whose consumption is decreased more than 100-
fold.  Details are provided in Table 3.6 and Table 3.7.  
A popular speciation strategy is to find conditions that suppress the signal of one 
species completely, so that selective measurement of the other species can be made, and 
then to convert one species to the other (or choose conditions under which both species 
give the same response) so that a total measurement may be made. Such conditions may 
be difficult to establish. The speciation strategy adopted here only requires conditions 
under which the ratios of the sensitivities are different, which may be much easier to 
establish.  
By coupling the borohydride-form anion exchanger HG system with AFS 
detection, a method was developed with sufficiently low detection limits for the 
determination inorganic arsenic species at naturally occurring concentrations in several 
water samples. For none of the samples examined was the concentration below the 
method LOD. In addition, the method is not subject to the major interference from 
chloride that causes inaccuracies for ICP-MS (see Table 3.8 and Table 3.9). However, if 
HG reactive organic arsenic species, such as DMA and MMA, are present, inaccurate 
results would be obtained because of the DMA and MMA would form hydrides that 
would give rise to a fluorescence signal. Work on extending the speciation methodology 
to include the methylated species is in progress. 
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Figure 3.1   Manifold for the determination of arsenic by FI-HG-AFS with immobilized tetrahydroborate. 
V1, and V2 are 6-port valve; GLS is the gas–liquid separator; W1, W2, and W3 are waste lines; and P1, and 
P2 are peristaltic pumps. (a) Both valves are in the load position and borohydride is loaded onto the column 
mounted in the “loop” of valve V2. (b) Both valves are in the load position and sample is loaded onto the 
sample loop of valve V1 (c) Both valves are in the “inject” position allowing the water carrier to deliver the 
acidified sample to the borohydride-form anion-exchanger. 
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Figure 3.2   Effect of (a) NaBH4 concentration, (b) NaBH4 loading time, (c) carrier flow rate, (d) acidity of 
standard solution [(i) 1 μg L-1 As(III), (ii) 1 μg L-1 As(V), (iii) blank], (e) carrier gas flow rate, (f) L-
cysteine concentration, and (g) acidity of standard solution with or without the presence of L-cysteine [(i) 
1μg L-1 As(III) in 0.1M HCl with L-cysteine, (ii) 1 μg L-1 As(III) in 0.7 M HCl, (iii) blank of 0.7 M HCl, 
(iv) blank of 0.1M HCl with L-cysteine]. The plots are representative of the effect of each of the individual 
parameters and were obtained with the values of the other parameters at the optimum values.  
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Table 3.1   Parameters and operating conditions of atomic fluorescence spectrometer 
 
Parameter Setting 
Primary lamp current 27.5 mA 
Boost lamp current 35 mA 
Carrier argon flow rate 250 mL min
-1
 
Dryer gas flow rate 2.5 L min
-1
 
Sample flow rate 9.0 mL min
-1
 
NaBH4 flow rate 4.5 mL min
-1
 
H2 flow rate 
HCl concentration 
A 
B 
L-Cysteine concentration 
A 
B 
80 mL min
-1
 
 
0.7 M  
0.1 M 
 
0  
0.5% (m/v)  
NaBH4 concentration 0.7% (m/v) 
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Table 3.2   Calibration lines obtained for As(III) and As(V) under conditions A and B 
 
Species Condition Equation of fit* R LOD (ng L
-1
) RSD% 
 (0.5 μg L-1) 
As(III) B 232x + 47 0.99 8 3.8 
As(III) A 192x + 61 0.99 13 4.3 
As(V) B 233x + 48 0.99 8 3.6 
As(V) A 150x + 60 0.99 15 4.1 
* x is the concentration in µg L
-1
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Table 3.3   Effect of coexisting elements on relative of peak height (%) of 1 μg L-1 
As(III). 
 
  Relative peak height (%) 
Element Concentration (mg L
-1
) In 0.7 M HCl In 0.1 M HCl with 
0.5%(m/v) L-cysteine 
Ca(II) 10 95 99 
 100 93 96 
Fe(III) 1 68 100 
 10 47 98 
Mg(II) 10 98 101 
 100 107 108 
Zn(II) 0.01 95 100 
 0.1 93 100 
Mn(II) 0.01 100 100 
 0.1 108 102 
Pb(II) 0.01 100 101 
 0.1 99 101 
Cu(II) 0.1 89 99 
 1 27 97 
Se(IV) 0.01 78 86 
 1 37 58 
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Table 3.4   Arsenic speciation analysis of fresh water samples.  
Sample Added (μg L-1) Found (μg L-1) Recovery (%) 
 As
III
 As
V
 As
III
 As
V
 As
III
 As
V
 
Tap Water 0 0 0.015±0.009* 0.050±0.010   
0.50 0.50 0.535±0.025 0.524±0.043 104 95 
1.00 1.00 1.11±0.08 1.03±0.09 110 98 
Pound Water 0 0 0.026±0.017 0.235±0.034   
0.50 0.50 0.545±0.035 0.80±0.021 104 113 
1.00 1.00 1.11±0.18 1.28±0.27 108 105 
Well Water 
1f
 0 0 0.29±0.06 1.05±0.06   
 0.50 0.50 0.75±0.15 1.54±0.20 92 98 
 1.00 1.00 1.17±0.25 2.13±0.18 88 108 
Well Water 
1
 0 0 0.382±0.14 0.85±0.10   
 0.50 0.50 0.95±0.05 1.35±0.24 114 100 
 1.00 1.00 1.37±0.28 1.89±0.31 99 104 
Well Water 
2f
 0 0 0.18±0.09 0.83±0.23   
 0.50 0.50 0.65±0.32 1.32±0.24 94 98 
 1.00 1.00 1.16±0.40 1.94±0.36 98 111 
Well Water 
2
 0 0 0.29±0.21 0.45±0.26   
 0.50 0.50 0.85±0.38 0.93±0.33 112 96 
 1.00 1.00 1.39±0.51 1.47±0.45 110 102 
f
First draw in the morning; the other sample was collected after the tap was run for a few 
minutes 
*n = 9, ± terms are the 95% confidence interval 
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Table 3.5   Arsenic speciation analysis in seawater samples.  
Sample Added (μg L-1) Found (μg L-1) Recovery (%) 
 As(III) As(V) As(III) As(V) As(III) As(V) 
Seawater 1 0 0 0.45±0.03* 0.54±0.01   
0.50 0.50 0.98±0.08 1.01±0.08 96 94 
1.00 1.00 1.42±0.12 1.50±0.1 97 96 
Seawater 2 0 0 0.42±0.08 0.73±0.06   
0.50 0.50 0.91±0.07 1.20±0.08 98 94 
1.00 1.00 1.47±0.08 1.62±0.05 105 89 
NASS-6
#
 0 0 0.26±0.05 1.16±0.07   
 0.50 0.50 0.71±0.16 1.69±0.09 90 106 
 1.00 1.00 1.27±0.12 2.11±0.19 101 95 
#certified value = 1.43±0.12 μg L-1 
*n=9, ± terms are 95% confidence interval 
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Table 3.6   Operating conditions for AFS continuous flow HG-AFS system  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.7   Anion-exchanger HG conditions 
Parameter Value 
HCl Concentration 0.1 M 
Sample Volume 0.5 mL 
Sample preparation volume 25 mL 
NaBH4 Concentration 5% 
NaBH4 flow rate 4.5 mL/min 
NaBH4 loading time (for triplicate) 60 s 
HCl consumption (0.1 M x 25 mL) 2.5 mmol 
NaBH4 consumption (5% x 1 min x 4.5 mL/min) 225 mg 
 
 
Parameter Value 
HCl Concentration 4 M 
HCl flow rate 9 mL/min 
Sample preparation volume 50 mL 
NaBH4 Concentration 0.7% 
NaBH4 flow rate 4.5 mL/min 
Sample running time 80s 
HCl consumption from sample 
(4 M x 50 mL) 
200 mmol 
HCl consumption from blank 
(4 M x 9 mL/min x 3 x 80 s/60 s min
-1
) 
144 mmol 
HCl consumption in total 344 mmol 
NaBH4 consumption 
(0.7% x 4.5 mL/min x 80 s/60 s min
-1
 x 3) 
126 mg 
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Table 3.8   Operating conditions for plasma source mass spectrometer  
Parameter Setting 
RF Power 1500 W 
Nebulizer Gas Flow 1.01 L min
-1
 
Nebulizer Type  Gem Tip Cross-Flow II 
Spray Chamber Scott 
Detector Mode Dual mode 
Sample/Skimmer 
Cones 
Nickel 
Dwell Time 100 ms per point 
Scanning Mode Peak hopping 
Number of replicates 10  
Isotopes 
75
As, 
9
Be, 
43
Ca, 
111
Cd, 
59
Co, 
52
Cr, 
63
Cu, 
57
Fe, 
7
Li, 
24
Mg, 
55
Mn, 
98
Mo, 
60
Ni, 
208
Pb, 
121
Sb, 
82
Se, 
88
Sr, 
47
Ti, 
205
Tl, 
51
V, 
66
Zn 
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Table 3.9   Elemental concentrations (μg L-1) in natural water samples measured by ICP-
MS 
Elemen
t 
Well 
Water 1
f
 
Well 
Water 1 
Well 
Water 2
f
 
Well 
Water 2 
Seawater 
1 
Seawate
r 2 
As 1.45 1.29 1.01 0.81 41.6 42.2 
Ti 1.71 1.60 2.64 2.83 45.6 56.1 
Be ND ND ND ND  ND ND 
Ca 18800 19200 4390 4340 107000 114000 
Cd 0.035 0.010 0.016 0.014 0.101 0.094 
Co 0.309 0.166 0.097  0.094  0.863 0.824 
Cr 1.03 1.20 0.57 0.51 0.89 0.84 
Cu 296 213 27 22 18 16 
Li 2.6 2.9 2.2 2.3 106 115 
Fe 196 202 50 48 1150 1220 
Mg 1830 2040 1590 1610 NM NM 
V 0.76 0.62 0.62 0.58 19.7 21.4 
Mn 1.37 1.99 1.39 1.30 39.6 1.21 
Ni 9.18 2.05 3.78 0.57 6.70 7.24 
Zn 2084 19 320 17 13 6 
Se ND 0.15 0.15 0.33 ND ND 
Sr 423 43 30 30 3330 3390 
Mo 0.04 0.02 3.0 3.0 3.1 5.5 
Sb 1.14 0.03 0.02 0.02 0.11 0.09 
Tl 0.06 0.05 0.04 0.04 0.05 0.05 
Pb 1.26 0.43 0.40 0.50 0.38 0.23 
f first draw sample 
ND not detected 
NM not measured as concentration too high 
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CHAPTER 4 
DETERMINATION OF ARSENIC SPECIES BY HPLC-HG-AFS 
 4.1 Introduction 
 Separations of arsenic compounds by HPLC, with anion- exchange columns, 
were first reported in the early 1990s.
1,2
 Many factors affect the performance of the HPLC 
system. A high quality pump is one of the core components of the HPLC system, as it 
directly affects background noise, detection limit, chromatographic separation and 
reproducibility, and most manufacturers usually guarantee it nowadays.
3
 The working 
column is another crucial component of the system. In addition, a guard column is usually 
introduced in many studies before a working column to protect the latter from impurity of 
injected samples.
4
 To achieve satisfactory separation, most HPLC studies involve 
extensive optimization of several parameters, including the composition, pH, and the 
flow rate of the mobile phase(s), the nature of stationary phase, the nature of any mobile 
phase gradient; and, sometimes, the effect of column temperature.
5
 
Arsenic species have been separated by HPLC using ion-exchange and ion-pairing 
principles.
6-8
 Ion-exchange is normally used in separations of charged analytes, preferably 
with simple matrices as it can be affected by interferences.
6
 On the other hand, ion-
pairing chromatography has the potential of separating both charged and uncharged 
analytes, while matrix effects are minimized.
8
 Studies using the HPLC technique often 
involve organic compounds of arsenic; therefore, a reversed-phase chromatography with 
an apolar stationary phase coated with long chain hydrocarbon polymers, such as C18, is 
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regularly employed. The eluents often used in reversed-phase chromatography include 
didocecyldimethylammonium bromide (DDAB)
9
 or tetra-butyl-ammonium hydroxide 
(TBAH) for arsenic separation.
10
 These compounds can form ion pairs with oppositely 
charged analyte ions and introduce additional interactions for a better separation. The 
most commonly used anion exchange column for arsenic speciation is Hamilton PRP-
X100.
3
 When the separation of the cationic species of As such as arsenobetaine (AB), 
arsenocholine (AC) and trimethylarsenic oxide (TMAO) is required, another column 
containing the cation exchanger PRP-X200 has been used alone or in combination with 
the PRP-X100.
11,12
  
In the last decade, speciation studies of the arsenic have been mostly dominated 
by HPLC-ICP-MS.
3
 The major reason why HPLC-ICP-MS is gaining popularity is likely 
due to the simplicity of its interface and high level of sensitivity.  And one of the key 
reasons for the less developed situation of HPLC-HG-AFS is the need for post-column 
treatment for vapor formation (mostly HG) generally required by the nature of flame AFS. 
Unlike HG-AFS, no oxidation and pre-reduction steps are required with ICP-MS, unless 
HG is introduced into the system. As popular as it is nowadays, HPLC-ICP-MS is 
considered to be an expensive instrument to purchase and maintain and it represents a 
very considerable, possibly even prohibitive expense, for many  research laboratories. On 
the other hand, HPLC-HG-AFS is a much inexpensive technique and is, therefore 
attractive as an alternative.
13
  
In the research field of HPLC-HG-AFS for arsenic speciation, extensive 
optimization as well as HPLC stationary phase and mobile phase selection have been 
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made to achieve satisfactory separation and detection limits for trace analysis. Le et al. 
used HPLC-HG-AFS for the separation of 11 arsenic compounds obtaining LODs of 
arsenic species  at the 10 μg L-1 level.5 Sun et al. applied the Hamilton PRP-X100 anion 
exchange column for inorganic speciation, obtaining instrumental LODs (3S) of 0.01 μg 
L
-1
  and 0.02 μg L-1 for As(III) and As(V).14 Cui et al. applied a Phenomenon Luna C18 
column and obtained LODs of 0.24, 0.74 and 0.41 μg L-1 for arsanilic acid (ASA), 
nitarsone (4-nitrophenylarsonic acid) (NIT) and roxarsone (4-hydroxy-3-
nitrophenylarsonic acid).
15
 Zhang et al. used a Hamilton PRP-X 100 anion-exchange 
column at 30 ◦C and achieved the LODs of 0.80, 1.00, 0.86 and 2.00 μg L-1 for As(III), 
DMA(V), MMA(V) and As(V), respectively.
16
  
Examples of the chromatograms produced by a PRP-X100 column coupled with 
AFS detection for arsenic speciation can be seen in Figure 4.1
17
 and Figure 4.2
18
. Jesus, et 
al. separated 4 arsenic species in seafood extracts using sequential injection analysis (SIA) 
combined HPLC.
17
 Yuan, et al. used an anion-exchange column (IonPac AS11, Dionex, 
USA) equipped with a guard column (IonPac AG11, Dionex, USA) to separate arsenic 
species in rice straw
18
. The elution time was about 10 min for all 4 arsenic species. And 
peak tailing and poor resolution between peaks can be seen. Many of the same columns 
like the PRP-X100 are commonly used in separations today and have little advanced the 
state of arsenic speciation analysis.  
In order to improve upon HPLC separations for arsenic speciation, alternative 
stationary phases with improved surface functionalities should be investigated. Much of 
the previous work has been done with the anion-exchange column PRP-X100. This 
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column has been used since the inception of HPLC arsenic speciation analysis, and has 
not been improved with respect to the surface chemistry that is related to the effective 
separation of arsenic species. The separation of analyte compounds occurs with analyte 
partitioning between the stationary and mobile phases. Separations are also influenced by 
the size of the pores in the stationary phase particles and how efficiently the molecules 
can move in and out of them. As illustrated in Figure 4.3, these stationary phases consist 
of silica-based particles with open pores. The surfaces of these particles are modified with 
specific functional groups, in this case a C8 chain. This carbon chain acts as an organic 
“fur” attached to the stationary phase. Ideally, the entire surface of the particles should be 
covered with alkane groups. Free silanol groups that have not reacted with the C8 bonded 
phase are present on the surface as well. These silanol groups can cause peak tailing. To 
improve peak shape, these silanol groups should be capped with methyl groups or other 
small functional groups. 
In addition to changes to the stationary phase surface, ion-pairing reagents can 
also be employed to improve the separation. In the work described in this chapter, the use 
of tetrabutylammonium hydroxide ion-pairing reagent significantly improves arsenic 
separations on the Sunfire C8 column compared with anion-exchange column PRP-
X100.
19
 The anionic arsenic species (MMA and As(V)) in pH 5.80 are successfully paired 
with this compound.
10,19
 The remaining butyl groups interact with the stationary phase to 
effectively separate the DMA and MMA peaks with better resolution than previously 
published work.
19
 
In this chapter the separation of As(III), DMA, MMA, and As(V) on a C8 column 
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that has improved surface functionality of the stationary phase is described. The mobile 
phase was the ion-pairing reagent, tetrabuytlammonium hydroxide (TBAH) in 1.3% 
methanol adjusted to pH 5.80 with malonic acid. The structure of these compounds are 
shown in Figure 4.4. The chemical forms of As(III), DMA, MMA, and As(V) are also in 
Figure 4.4. One would expect As(III), which is fully protonated and uncharged, to elute 
from the column first. DMA is also an uncharged species at pH 5.80, however, the methyl 
group located within the molecule can slightly interact with the C8 stationary phase. 
MMA and As(V) are charged species at pH 5.80, and will therefore pair with TBAH as 
they move through the column. DMA contains methyl groups which may cause a stronger 
interaction between itself and the carbon chains on TBAH. This may cause some steric 
hindrance of the TBAH molecule while interacting with the stationary phase. DMA 
would therefore be the third compound to elute from the column. As(V) is charged at pH 
5.80, and will pair with TBAH and elute last from the column. 
4.2 Research Objective 
The objective of the research described in this chapter was to develop a validated, 
improved method for the speciation of As(III), As(V), DMA and MMA in rice grain 
using a HPLC-HG-AFS system with post-column hydride generation. For the first time, a 
Sunfire C8 column from Waters (Milford, CT) was employed and coupled to AFS for the 
separation and detection of arsenic species in rice extracts. Calibration function details 
and analytical figures of merit, such as LODs, are reported.  
4.3 Experimental 
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4.3.1 Instrumentation 
Arsenic compounds were extracted from the samples in 75 mL Teflon vessels in a 
CEM MARS Xpress microwave digestion system (Matthews, NC) and were determined 
with a hydride generation atomic fluorescence spectrometer (Millennium Excalibur, PS 
Analytical, Deerfield Beach, FL). Operating conditions of HG AFS are given in Table 4.1. 
Chromatography was performed on a Sunfire C8 column, 5 μm, 4.6 x 20 mm with a 
Sunfire guard column (Waters Corporation, Milford, MA). Chromatographic conditions 
can be found in Table 4.2. Sams software (PS Analytical, Deerfield Beach, FL) produced 
information related to chromatograms.  
4.3.2 Reagents 
All solutions were prepared using 18.1 MΩ cm-1 water produced by a Barnstead 
E-pure system (Dubuque, IA). Solutions of sodium tetrahydroborate (98% purity, Alfa-
Aesar, Ward Hill, MA) were freshly prepared daily by dissolving the appropriate amount 
of NaBH4 in 0.5% (m/v) sodium hydroxide. The daily working standards for arsenic 
species were made from stock solutions (1000 mg L
-1
) prepared from sodium arsenite 
(NaAsO2) (Aldrich, Milwaukee, USA), sodium arsenate (Na3AsO4∙7H2O) (Fisher 
Scientific, Pittsburgh, USA), disodium methyl arsenate [(CH3)AsO3Na2∙6H2O] 
(ChemService, West Chester, USA), and cacodylic acid [(CH3)2AsO(OH)] (Aldrich, 
Milwaukee, USA) by dissolving the accurately weighed solid material in deionized water. 
These stock solutions were kept at 4 °C in the dark. Mobile phase for HPLC separations 
was prepared from tetrabutylammonium hydroxide (TBAH), 1.0 M solution in methanol 
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from Sigma-Aldrich (St. Louis, MO). The pH of the mobile phase was adjusted with 
malonic acid, Reagent Plus 99% from Sigma-Aldrich (St. Louis, MO). 
4.3.3 Analytical Procedure 
4.3.3.1 Preparation of Mobile Phase 
Tetrabutylammonium hydroxide (TBAH) (1.0 M solution in methanol) 1.3 mL  
was diluted to 1 L with DI water to make a 1.3 mM TBAH to be used as mobile phase 
with the Sunfire C8 anion-exchange column. The pH was adjusted to 5.80 with small 
amounts of malonic acid solution. 
4.3.3.2  Hydride Generation 
Two peristaltic pumps were applied to pump HCl solution and NaBH4 solution. 
The effluent from the column at a flow rate of 1.0 mL min
-1
 was mixed by 2 M HCl with 
1% L-cysteine solution at a flow rate of 0.9 mL min
-1
 and reacted with 2% (m/v) NaBH4 
solution at a flow rate of 1.8 mL min
-1
 in a Chemifold Type II (Tecator, USA). Then, the 
gas–liquid mixture was separated by the gas–liquid separator. And the analytes in the gas 
phase were carried into the flame atomizer and detected by AFS. The column, Chemifold 
and the gas–liquid separator were connected by PTFE tubes.  A schematic diagram of the 
HPLC-HG AFS system was shown in Figure 4.5. 
 
4.3.3.3 Analytical Performance 
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Under optimized conditions, calibration curves for 100 μL of 0.0, 5.0, 15 and 20 
μg L-1 of arsenic for each species of As(III), As(V) DMA and MMA solutions were 
constructed. Detection limits were calculated as the concentrations that gave signals equal 
to three times the standard deviations of 10 peak areas for a solution of a low 
concentration, in this case 5 μg L-1, of each four arsenic species.  
4.4 Results and Discussion  
4.4.1 Optimization of Flow Rate 
The optimization of flow rate for the Sunfire C8 column is illustrated in Figure 
4.6. As the flow rate was increased from 0.6 mL min
-1
 to 1.0 mL min
-1
, the total elution 
time decreased from 13 min to 8 min. It should be noted that the Sunfire column is 250 
mm in length. Berg compared this Sunfire column with a Symmetry C8 column in arsenic 
speciation using HPLC-ICP-MS.
19
 It was found that although the Sunfire column is 100 
mm longer, the final elution time for the As(V) peak, the last to elute, does not 
dramatically increase. In fact, the elution times only differ by 20 s. This shows the 
efficient separation occurring within the Sunfire column. 
4.4.2  Hydride Generation 
The concentration of NaBH4 used as the reagent for hydride generation was 
evaluated. The result is shown in Figure 4.7. For an HCl concentration was 2 M HCl 
containing 1% L-cysteine, as the NaBH4 concentration was increased from 1% to 2%, the 
peak height for As(III) at 10 μg L-1 was increased by 50% indicating that a concentration 
of 1% was not sufficient. Borohydride concentrations higher than 2% resulted in higher 
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background noise, and, sometimes, an unstable flame. The instability of the flame, which 
sometimes extinguished during measurement, was caused by too much hydrogen 
generated and introduced into the burner. The optimum conditions selected were, 2% 
NaBH4 in 0.5% NaOH solution was chosen and used as reducing reagent. 
An auxiliary hydrogen supply was introduced to maintain the flame atomizer. 
Argon was used as the carrier gas to transport the gaseous analytes into the atomizer and 
to keep the stability of the argon and hydrogen flame. Therefore, the flow rate of carrier 
gas and hydrogen gas influenced the flame and the time the analytes spent in the optical 
path, which could, in turn, affect the atomization and fluorescence intensity of analytes. 
The hydrogen and argon flow rates, chosen based on previous experiments with the HG-
AFS system, were 80 mL min
-1
 and 250 mL min
-1
, respectively. 
4.4.3 Calibration 
All calculations were performed with Microsoft Excel. Calibration functions were 
fitted by unweighted linear least squares regression. The calibration graphs showed a 
satisfactory linearity for all four different arsenic species within a concentration range of 
200μg L-1 (further details are provided in Table 4.3 and Figure 4.8). The correlation 
coefficients were between 0.95 and 0.99. 
 
4.4.4 Limits of Detection 
The limits of detection for the arsenic species separated by the Sunfire column and 
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detected by HG-AFS system are given in Table 4.4. Also, the limits of detection obtained 
using the same column and HPLC condition detected by ICP-MS by previous work in our 
lab are also listed in Table 4.5.
19
 The LODs of all four species obtained by using HPLC-
HG-AFS are lower than those obtained by HPLC-ICP-MS. It can be concluded that, HG-
AFS (a much inexpensive and affordable alternative) is able to provide sensitivity and 
detection capability that is as good, or even better than, those obtainable by ICP-MS in 
the application of arsenic speciation by HPLC.  
4.5 Conclusions 
From 1990 to present, HPLC-HG-AFS has been studied by several research 
groups and a significant amount of information has been accumulated. This technique has 
been mainly applied to the chemical speciation of certain organic compounds containing 
hydride-forming or chemical vapor-forming elements, such as As, Se, Sb and Hg. The 
replacement of AAS with AFS greatly enhances the sensitivity of the methods. However, 
to develop HPLC-HG-AFS as a sensitive, reliable and affordable analytical technique, 
much of detailed studies (such as kinetics of UV decomposition and prereduction of 
different organic species) after column separation are needed. Although many papers 
have been published describing the development of this technique, there is no universal 
application that is widely used. The sensitivities vary widely, depending on individual 
setting and instrumental configuration, as well as column, eluent properties and extraction 
method. 
In the development of arsenic speciation procedures, there is a need to develop 
simple and inexpensive instrumentation that, at the same time, is able to provide 
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satisfactory detection capability for trace elemental analysis, in situation situations where 
highly sophisticated and expensive instrument is not available.
19
 In the study described in 
this chapter, an HPLC-HG-AFS system has been established for the speciation of 
commonly existing arsenic species that can be applied to the analysis of real samples such 
as in rice and natural waters.  
 84 
 
4.6 References 
(1)  Rubio, R.; Padro, A.; Alberti, J.; Rauret, G. Speciation of organic and inorganic 
arsenic by HPLC-HG-ICP. Mikrochim. Acta 1992, 109, 39-45. 
(2)  Larsen, E. H.; Hansen, S. H. Separation of arsenic species by ion-pair and ion-
exchange high-performance liquid-chromatography. Mikrochim. Acta 1992, 109, 47-51. 
(3)  Chen, Y. W.; Belzile, N. High performance liquid chromatography coupled to 
atomic fluorescence spectrometry for the speciation of the hydride and chemical vapour-
forming elements As, Se, Sb and Hg: A critical review. Anal. Chim. Acta 2010, 671, 9-
26. 
(4)  Gailer, J.; Buttigieg, G. A.; Denton, M. B. Simultaneous arsenic-and selenium-
specific detection of the dimethyldiselenoarsinate anion by high-performance liquid 
chromatography-inductively coupled plasma atomic emission spectrometry. Appl. 
Organomet. Chem. 2003, 17, 570-574. 
(5)  Le, X. C.; Ma, M. S.; Wong, N. A. Speciation of arsenic compounds using high-
performance liquid chromatography at elevated temperature and selective hydride 
generation atomic fluorescence detection. Anal. Chem. 1996, 68, 4501-4506. 
(6)  Geng, W. H.; Komine, R.; Ohta, T.; Nakajima, T.; Takanashi, H.; Ohki, A. Arsenic 
speciation in marine product samples: Comparison of extraction-HPLC method and 
digestion-cryogenic trap method. Talanta 2009, 79, 369-375. 
(7)  Rodriguez, I. B.; Raber, G.; Goessler, W. Arsenic speciation in fish sauce samples 
determined by HPLC coupled to inductively coupled plasma mass spectrometry. Food 
Chem. 2009, 112, 1084-1087. 
(8)  Rabieh, S.; Hirner, A. V.; Matschullat, J. Determination of arsenic species in human 
urine using high performance liquid chromatography (HPLC) coupled with inductively 
coupled plasma mass spectrometry (ICP-MS). J. Anal. At. Spectrom. 2008, 23, 544-549. 
(9)  Mester, Z.; Fodor, P. High-performance liquid chromatography hydride generation 
atomic fluorescence spectroscopic determination of arsenic species in water. J. 
Chromatogr. A 1996, 756, 292-299. 
(10)  Pan, F. M.; Tyson, J. F.; Uden, P. C. Simultaneous speciation of arsenic and 
selenium in human urine by high-performance liquid chromatography inductively coupled 
plasma mass spectrometry. J. Anal. At. Spectrom. 2007, 22, 931-937. 
(11)  Vilano, M.; Padro, A.; Rubio, R. Coupled techniques based on liquid 
chromatography and atomic fluorescence detection for arsenic speciation. Anal. Chim. 
Acta 2000, 411, 71-79. 
(12)  Suner, M. A.; Devesa, V.; Clemente, M. J.; Velez, D.; Montoro, R.; Urieta, I.; 
Jalon, M.; Macho, M. L. Organoarsenical species contents in fresh and processed seafood 
products. J. Agric. Food Chem. 2002, 50, 924-932. 
(13)  Sanchez-Rodas, D.; Corns, W. T.; Chen, B.; Stockwell, P. B. Atomic 
fluorescence spectrometry: a suitable detection technique in speciation studies for arsenic, 
selenium, antimony and mercury. J. Anal. At. Spectrom. 2010, 25, 933-946. 
(14)  Sun, M.; Liu, G. J.; Wu, Q. H.; Liu, W. Q. Speciation analysis of inorganic 
arsenic in coal samples by microwave-assisted extraction and high performance liquid 
 85 
 
chromatography coupled to hydride generation atomic fluorescence spectrometry. Talanta 
2013, 106, 8-13. 
(15)  Cui, J.; Xiao, Y. B.; Dai, L.; Zhao, X. H.; Wang, Y. Speciation of organoarsenic 
species in food of animal origin using accelerated solvent extraction (ASE) with 
determination by HPLC-hydride generation-atomic fluorescence spectrometry (HG-AFS). 
Food Anal. Meth. 2013, 6, 370-379. 
(16)  Zhang, Y. J.; Qiang, S. P.; Sun, J.; Song, M.; Hang, T. J. Liquid chromatography-
hydride generation-atomic fluorescence spectrometry determination of arsenic species in 
dog plasma and its application to a pharmacokinetic study after oral administration of 
Realgar and Niu Huang Jie Du Pian. J. Chromatogr. B 2013, 917, 93-99. 
(17)  Jesus, J. P.; Suarez, C. A.; Ferreira, J. R.; Gine, M. F. Sequential injection 
analysis implementing multiple standard additions for As speciation by liquid 
chromatography and atomic fluorescence spectrometry (SIA-HPLC-AFS). Talanta 2011, 
85, 1364-1368. 
(18)  Yuan, C. G.; Jiang, G. B.; He, B. Evaluation of the extraction methods for arsenic 
speciation in rice straw, Oryza sativa L., and analysis by HPLC-HG-AFS. J. Anal. At. 
Spectrom. 2005, 20, 103-110. 
(19)  Berg, T. Determination and speciation of arsenic in enviromental and biological 
samples. Doctoral Dissertation, University of Massachusetts Amherst 2012. 
 
 86 
 
 
 
 
Figure 4.1   SIA-HPLC-AFS chromatograms generated by the system for standards of As 
species in concentrations from 0.0 to 7.5 ng mL
−1
. The peaks corresponding to As(III), 
DMA, MMA and As(V) are shown from left to right.
17
 
 
 
Figure 4.2   Chromatogram for the mixed standard solution. Standard solution 200 ng mL
-
1
 for 1: DMA; 2: As(III); 3: MMA; 4:As(V), respectively.
18
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Figure 4.3   Surface structure of a silica-based C8 RPLC column. 
 
 
Figure 4.4   Structure of TBAH and malonic acid, along with arsenic species present at 
pH 5.80. 
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Figure 4.5   Schematic diagram of HPLC-HG-AFS system. 
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Figure 4.6   HPLC-HG-AFS chromatograms showing separation of As(III), DMA, MMA 
and As(V) at concentrations of 10 μg L-1, respectively for 0.6 mL min-1 (a), 0.8 mL min-1 
(b), and 1.0 mL min
- 1
(c). 
(a) 
(b) 
(c) 
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Figure 4.7   HPLC-HG-AFS chromatograms showing separation of As(III), DMA, MMA 
and As(V) at concentrations of 10 μg L-1, respectively for NaBH4 concentration at 1% (a), 
2% (b). The HCl concentration was 2 M with 1% L-cysteine. 
 
(a) 
(b) 
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Figure 4.8   HPLC-HG-AFS chromatograms showing separation of As(III), DMA, MMA 
and As(V) at concentrations of 0, 5, 10, 20 μg L-1, respectively. 
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Table 4.1   Parameters and operating conditions of HG-AFS 
Parameter Setting 
Primary lamp current 27.5 mA 
Boost lamp current 35 mA 
Carrier argon flow rate 250 mL min
-1
 
Dryer gas flow rate 2.5 L min
-1
 
NaBH4 flow rate 1.8 mL min
-1
 
HCl flow rate 0.9 mL min
-1
 
HCl concentration 2 M 
L-cysteine concentration 1% 
NaBH4 concentration 2% (m/v) 
 
 
 
 
 
 
Table 4.2   HPLC conditions 
Column Sunfire C8 5 μm, 4.6 × 250 mm 
Mobile phase 1.3 mM TBAH with malonic acid to pH 5.80, 1.3% MeOH 
Sample loop 100 μL 
Flow rate 1.0 mL min
-1
 
 
 
 
 
 
 
Table 4.3   Calibration lines obtained by HPLC-HG-AFS for As(III), DMA, MMA and 
As(V) 
Species Equation of fit* R
2
 
As(III) Y = 2471 x - 2405 0.99 
DMA Y = 1624 x - 1307 0.99 
MMA  Y = 549 x - 212 0.95 
As(V) Y = 451 x + 212 0.98 
* x is the concentration in µg L
-1
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Table 4.4   Limit of detection obtained by HPLC-HG-AFS for As(III), DMA, MMA and 
As(V). 
HPLC-HG-AFS As(III) DMA MMA As(V) 
LODs (μg L-1) 0.4 0.4 1.4 1.5 
 
 
 
 
 
 
Table 4.5   Limit of detection obtained by HPLC-ICP-MS for As(III), DMA, MMA and 
As(V).
19
 
HPLC-ICP-MS As(III) DMA MMA As(V) 
LODs (μg L-1) 0.1 0.5 1 5 
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CHAPTER 5 
INVESTIGATION OF HOMOGENEITY OF THE ARSENIC DISTRIBUTION IN 
RICE GRAINS  
5.1 Introduction 
Rice is a staple food for over half the world's people and has the second largest 
cereal production after maize with over 685 million tones recorded in 2008.
1
 China, India, 
Indonesia and Pakistan are the biggest producers. Rice may accumulate considerable 
amounts of essential elements, but also toxic elements such as arsenic.
2
 
Contamination of rice by arsenic has several sources: pollution of paddy soils due 
to base and precious metal mining,
3,4
 irrigation of paddies with arsenic-contaminated 
groundwater
5
 and the use of organoarsenical pesticides and herbicides.
6
. Furthermore, 
irrigation with arsenic contaminated water can lead to a gradual increase in grain arsenic 
concentration.
7
 In addition, former cotton soils in the USA, are now being used to 
produce rice due to an expansion in rice acreage , onto which DMA was sprayed and 
arsenic acid was used to kill the plants to make mechanical harvesting easier.
8
 
Arsenic contamination in drinking water is a significant and internationally 
recognized public health concern; and a guideline value of 10 μg L-1 was established by 
WHO. 
9,10
 However, high arsenic concentrations found in rice may also contribute 
significantly to arsenic intake in different parts of the world; while no guideline is 
available for arsenic content in rice.
3,11
 In 2000, the Joint Food and Agriculture 
Organization of the United Nations (FAO)/WHO set up a recommendation for daily 
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arsenic intake is 15 µg inorganic arsenic/kg body weight.
12
 However, in 2009, the 
European Food Safety Authority (EFSA) panel 
13
 conclude that it is not appropriate to 
identify a dose with “no appreciable health risk,” and so the concept of a tolerable daily 
(or weekly) intake is not valid. This latter conclusion was also reached by the Joint 
FAO/WHO Expert Committee on Food Additives
14
 who withdrew the previous 
provisional tolerable weekly intake number and replaced it with a benchmark dose 
corresponding to 0.5% increased incidence of lung cancer, the lower limit of which was 3 
𝜇g per kg body weight per day. No new tolerable intake level could be established. 
Thus, toxic effects due to cumulative arsenic exposure through rice consumption 
can easily occur in some regions of the world. Zavala et al.
15
 evaluated the variability and 
trends in total arsenic concentration in rice available to consumers in upstate New York, 
U.S. and around the world as a function of country of production. They estimated a global 
“normal” range for arsenic concentration in rice and evaluated the impact of arsenic 
contaminated environments on arsenic concentration in rice, and the effects of location of 
production on arsenic concentration in U.S. rice, showing a considerable concern is need 
for a regulation of arsenic content in rice.
15
 However, to establish a regulation for arsenic 
in rice, a lot of research still need to be done. One of the biggest obstacles is the lack of 
reliable analytical methods for the determination of total arsenic and arsenic species in 
rice. Determining the lowest concentration that can be confidently determined for a 
particular analysis is crucial to the enforcement of standards, and to the setting of 
guidelines. Meharg et al.
2,16
 reviewed the progress that researchers made in arsenic in 
food regulation and addressed the practical considerations for setting food 
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standards/guidelines, in which they pointed out that if a standard is set at a concentration 
that is lower than what can be robustly detected, then there is no way of monitoring or 
enforcing the standard.  
 In this chapter, the problem of the difficulty of determining accurately the total 
arsenic concentration in rice samples will be considered. The difficulties of determining 
accurately the total arsenic concentration in rice are well illustrated in the report, by de la 
Calle et al.
17
 This report provided the results of a proficiency test organized by the 
European Union Reference Laboratory for Heavy Metals in Feed and Food with the 
support of the International Measurement Evaluation Program. The test material was 
shown to be both (a) homogenous with respect to arsenic content at the 500 mg sample 
size and (b) stable during the period of the study. A 95% confidence interval was 
determined based on the results of 7 expert laboratories as 154 to 190 μg kg-1. Only 35 
out of 98 participating laboratories submitted results that fell within this reference 
interval. A wider target interval of 120 – 224 μg kg-1 was still missed by 26 of the 
participants.  One of the reasons the results vary for the same material is poor precision in 
the method. Or even the precisions of the labs are good, but the accuracy is problematical. 
Consumer Reports published in late 2012 the result of the tests of rice and rice 
products.
18
 They tested 223 samples of packaged, uncooked rice and rice-containing 
foods and beverages purchased in April, May and August 2012, many from the New York 
metropolitan area and from online retailers. A minimum of three samples of each product 
were analyzed and for the majority of the 65 products, they tested one sample from each 
of three lots. For the rice, the country or state(s) of origin column indicates in which 
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country or state the rice was grown. Some results selected from the report are shown in 
Table 5.1.
18
 The range of values for the total arsenic concentration are extremely large for 
sample. For example, the 3 measurements of total arsenic in Rice Select Organic Texmati 
White from Texas range from 330-916 μg kg-1. In this case, the arsenic content in the rice 
is hard to determine. On September 6, 2013, FDA released the analytical results of 
approximately 1,100 new samples of rice and rice products as part of a major effort to 
understand and manage possible arsenic-related risks associated with the consumption of 
these foods in the U.S. marketplace.
19
 From the report, a very large number of analyses of 
rice are available.  It is noticeable that with the same sample name and sample origins, the 
results of the arsenic concentration in rice have large variation. It is not clear whether any 
of the samples are duplicates, since no information was given in the report. However, it is 
possible that the large variation was cause by lack of precision of the measurement 
method. 
To investigate the reasons for the large variations and to propose a solution, a 
study of homogeneity of the arsenic distribution in rice grains was carried out. Previous 
studies in our lab concerning sample size of total arsenic analysis in rice has been taken 
by Berg, 
20
 Sample masses of 0.100 g, 0.250 g and 0.500 g Carolina Rice were analyzed 
in quadruplicate. The standard deviations and 95% confidence intervals of the resulting 
ICP-MS intensity readings are shown in Table 5.2 for each sample corresponding to its 
respective sample mass. 
5.2 Research Objective 
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The heterogeneity of the arsenic distribution in rice grains can cause substantial 
error when reporting results. Suppose not enough sample size is taken into measurement, 
the result will involve large variance and hard to repeat due to the heterogeneity nature. In 
order to address this problem, the homogeneity of arsenic in rice grains within one 
commercially available bag of rice was assessed. Hydride generation – atomic 
fluorescence spectrometry is a suitable technique to evaluate arsenic content within single 
rice grains, since the LOD provided is single digit ng L
-1
 level based on previous studies. 
Based on the knowledge that average mass of a single rice grain is about 20 mg, usually 
rice containing hundreds of μg kg-1 arsenic, and the final dissolved solution is 4.5 mL, 
resulting a solution that contain hundreds of ng L
-1
 arsenic. 
5.3 Experimental 
5.3.1 Total arsenic measurement by ICP-MS 
5.3.1.1 Reagents 
All solutions were prepared using 17.8 MΩ cm-1 Milli-Q water. Samples were 
digested using 69.1% concentrated nitric acid and a sodium arsenate solid from Fisher 
Scientific (Fair Lawn, NJ) was used to prepare all standards. The rice samples were 
Carolina Long Grain Brown Rice packaged in Houston, TX (type A) and Long Grain 
White Rice purchase from a local supermarket (type B). 
 
5.3.1.2 Instrumentation 
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Samples were ground using a Hamilton Beach Coffee Grinder and the particles 
were seived using W.S. Tyler U.S.A Standard Testing Sieve to a particle size of 212 μm. 
The samples were then digested using 75 mL Teflon vessels in a CEM MARS Xpress 
microwave digestion system. The digested rice solutions were filtered through a 0.45 μm 
Whatman Puradisc syringe filter with a 25 mm diameter. The total arsenic concentration 
of the rice samples was determined using a Perkin Elmer Elan 6000 plasma source mass 
spectrometer. 
5.3.1.3 Analytical Procedure 
For type A rice, bag of rice was opened after standing vertically and carefully 
poured onto a clean surface in a long line. Once the bag had been emptied, the sections to 
be considered the top of the bag were on the left side, and the bottom samples were on the 
right side. One 10 gram sample was taken from the top of the bag and another was taken 
from the bottom of the bag. The next four 10 gram samples were taken intermittently 
throughout the bag. This was done for two separate bags of Carolina Long Grain Brown 
Rice from the same batch number. 
For type B rice, the contents of the package of rice were mixed and formed into a 
cone-shaped heap. Then, two lines were quartered, and the diagonal two parts of the 
quartering were collected to prepare the representative sample, shown in Figure 5.1. The 
remaining two parts were collected to prepare the random samples. The first chosen 
diagonal two parts were combined and then the coning and quartering cycle was repeated 
for the new cone until the desired amount of sub-sample of 10 g was reached as the 
representative sample. In the acquisition of the random samples, which are contrary to the 
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representative sample, the other two parts were mixed, spread out and divided into 
several sections. Finally, 10 g were collected from five sections. 
All rice grain samples, were homogenized in a coffee grinder and ground into 
powders that have a particle size below 0.21 mm. Then 0.5 g rice sample were placed into 
a 75 mL Teflon CEM microwave vessel. The volume of concentrated nitric acid added to 
each vessel was 3 mL. Vessels were heated to 120 °C over a 20 min period, then held at 
the maximum temperature for 10 min, and cooled for 1 hour. The vessels were vented by 
slowly unscrewing the caps of each vessel. The solutions were slowly vented after cool 
down for one hour. The resulting solutions were transferred and diluted using DI water to 
a final volume of 25 mL. The solutions were filtered through 0.45 μm syringe filter and 
measured by ICP-MS. Operating conditions ICP-MS are listed in Table 5.3. 
5.3.2 Investigation of Homogeneity of Arsenic Distribution in Rice Grains 
5.3.2.1 Reagents 
All chemicals were of analytical reagent grade. All solutions were prepared in 18 
MΩ cm deionized water from a Barnstead E-pure system (Barnstead, Dubuque, USA). 
Solutions of sodium tetrahydroborate (98% purity, Alfa-Aesar, Ward Hill, MA) were 
freshly prepared daily by dissolving the appropriate amount of NaBH4 in 0.5% (m/v) 
sodium hydroxide. The daily working standards for arsenic species were made from stock 
solutions (1000 mg L
-1
) prepared from sodium arsenate (Na3AsO47H2O) (Fisher 
Scientific, Pittsburgh, USA by dissolving the accurately weighed solid material in 
deionized water. These stock solutions were kept at 4 °C in the dark. Concentrated nitric 
acid (70%, Fisher Scientific) was used in the digestion of the rice sample. 
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5.3.2.2 Instrumentation 
The atomic fluorescence spectrometer was a model Millennium Excalibur, (PS 
Analytical, Deerfield Beach, FL, USA), with a built-in Permapure dryer system (part 
number M025D002) and a gas–liquid separator (part number M055G003). The 
instrument was modified so that the flame was sustained by hydrogen from a cylinder 
rather than from the reaction of excess borohydride with acid in the continuous flow 
mode that is the normal operating procedure. Hydrogen gas was introduced through 
Teflon tubing into the system by merging with the purging argon gas before they were 
introduced into gas-liquid separator. The hydrogen flow rate was controlled by a needle 
valve (Swagelok, Cleveland, US) and measured by a soap-bubble flow meter. The 
operating conditions are given in Table 5.4. Operation was controlled by Sams software 
(PS Analytical), which also recorded the transient signal that evolved after the rice sample 
mixed with acid and borohydride. Peak area was measured and further data processing 
was done with Microsoft Excel. 
5.3.2.3 Samples and Standard Material 
Two different kinds of rice samples were analyzed. 4.54 kg package of rice [extra 
long grain white rice from Big Y (type I) and extra long grain white rice from Goya Foods 
(type II)] used for the analyses was purchased from a local supermarket. Rice powder 
material T07151 that was used in a proficiency test that was tested to have a total arsenic 
concentration of 476 (306 - 646) μg kg-1 from Food Analysis Performance Assessment 
Scheme (FAPAS, York, UK) was used to validate the total arsenic determination method 
described in this chapter. The satisfactory range indicates the range between which results 
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would have been awarded a satisfactory z-score in the proficiency test and is set as a 
range that is considered fit for purpose and reflects the expected interlaboratory 
reproducibility.    
5.3.2.4 Analytical Procedure 
5.3.2.4.1 Sample Digestion 
50 rice grain samples of each kind, except the FAPAS rice powder material, were 
digested as individual single rice grains. Each weighed rice grain was placed into a 5 mL 
glass vial and 1 mL of concentrated nitric acid was added. Parafilm (Pechiney Plastic 
Packaging Company, Chicago, Illinois) was cut into appropriate size to cover the vial to 
prevent significant solution loss due to volatilization and contamination from ambient 
atmosphere. Digestion for 7 days at room temperature resulted in clear light yellow 
solutions. 
FAPAS (0.1 g) rice powder sample was placed into a 10 mL glass vial with 5 mL 
of concentrated nitric acid added. The same digestion method was applied as for rice 
grain samples.  
5.3.2.4.2 Sample Preparation 
To the digested sample solution, 1.5 mL 6% L-cysteine and 2 mL DI water were 
added to produce 4.5 mL digested rice sample solution with a 2% L-cysteine final 
concentration. Samples were allowed to stand for 1 h in room temperature before testing 
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to ensure complete reduction of arsenate to As(III). From the FAPAS material digest 1 
mL of the 5 mL was taken and treated as for the rice samples.  
5.3.2.4.3 Standard Solutions 
Inorganic As(V) solutions of concentrations 0, 10, 20 and 40 μg L-1 were prepared 
in triplicate to construct the calibration curves. 500 μL of each standard solution was 
added to a 5 mL glass vial to which 1 mL concentrated nitric acid was added.  The vial 
was capped and left at room temperature for 7 days as for the rice samples. The resulting 
solution was than diluted with 1.5 mL 6% L-cysteine and 1.5 mL DI water to make 4.5 
mL standard solutions containing 0, 5, 10, and 20 ng arsenic with a 2% L-cysteine final 
concentration.  As both samples and standards have the same final volume of 4.5 mL, the 
fluorescence signal was plotted as a function of mass of arsenic in the vial. 
5.3.2.4.4 Detection of Arsenic by HG-AFS 
The prepared sample at a flow rate of 0.9 mL min
-1
 was mixed with 2 M HCl at a 
flow rate of 0.9 mL min
-1
 and merged with 2% (m/v) NaBH4 solution at a flow rate of 1.8 
mL min
-1
 in a Chemifold Type II (Tecator, USA). The schematic diagram of the HG-AFS 
system is presented in Figure. 5.2. Two peristaltic pumps were used; one for both HCl 
solution and sample solution together and the other one for the NaBH4 solution. After 
separation by the gas–liquid separator, the arsine in the gas phase was carried into the 
flame atomizer and detected by AFS. The Chemifold and the gas–liquid separator were 
connected by PTFE tubing. 
5.3.2.4.5 Validation 
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The commonly applied validation procedure such as spike recovery is not 
applicable for this specific study, since the rice grains that are randomly selected are not 
expected to have identical arsenic content. Here a FAPAS rice powder material that has 
known concentration of arsenic was used to validate this method.   
5.4 Results and Discussion 
5.4.1 Total Arsenic Measurement by ICP-MS 
The results of arsenic concentration in type A (a) and type B (b) rice are shown in 
Table 5.5. For type A rice, it is suggested that within the bag there are certain areas that 
contain more or less arsenic than others and the variation is very large. Within one bag, 
random sample of 10 g of rice leads to a concentration range from 366 to 559 μg kg-1  and 
417 to 1297 μg kg-1  , respectively for two bags.  
For type B rice, the concentration of arsenic found in the representative sample 
(400 g kg-1) was greater than all that found in the random samples, which presented 
concentrations in the range 262 to 291g kg-1 of arsenic.  
Both of the studies provide evidence that the distribution of arsenic within a bag 
of rice is not very homogeneous. 
 
 
5.4.2 Investigation of Homogeneity of Arsenic Distribution in Rice Grains 
5.4.2.1 Calibration 
Peak height was recorded as the signal for all solutions. All calculations were 
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performed with Microsoft Excel. Calibration function was fitted by unweighted linear 
least squares regression. The calibration graphs showed a satisfactory linearity within a 
arsenic mass range of 20 ng (see Figure 5.3 for more details). A calibration function of y 
= 15.75 * x + 32.4 was obtained.  The correlation coefficient was 0.985. 
5.4.2.2 Rice Sample Analysis 
The arsenic concentrations in each rice grain was determined. There were 47 
samples determined for type I rice, and 50 samples determined for type II rice. The 
average arsenic concentrations for type I and type II rice samples are 532 μg kg-1and 255 
μg kg-1, respectively. The variation of arsenic concentrations in the rice grains turns out to 
be huge. The standard deviation of the arsenic concentration in single rice grain are 757 
and 489 μg kg-1, respectively. The distribution as number of grains fell into the 
corresponding range of arsenic concentration is shown in Figure 5.4 for the 2 types of rice 
grains, respectively.  And the concentration of each rice grain is shown in Table 5.6 
5.4.2.3 Validation 
The concentration of arsenic in T07151 (rice powder) was determined to be 483.4 
μg kg-1. The standard deviation of n = 5 was 20.3 μg kg-1. The values are in good 
agreement with the certified value of 476 (306 - 646) μg kg-1. The method is shown to be 
accurate for total arsenic analysis in rice.  
5.5 Conclusions 
Although arsenic in rice has drawn extensive attention because of the concern for 
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human health, there are still difficulties to be addressed before a federal limit for arsenic 
in rice can be established. These findings are novel and are important for researchers 
working on arsenic determination in rice.  
In the analysis of rice samples, sample size should be taken into consideration 
when considering the appropriate weight for a homogeneous, accurate representation of 
the bulk material. However, there is a clear discrepancy of sample size selection when 
examine the research works of arsenic analysis. And a lot of publications even did not 
mention the exact amount rice that was used for sample preparation. Sample size should 
be chosen carefully, with great attention paid to the accurate reproducibility of the results 
based on sample size.  
Based on the results of two kinds of rice in which the arsenic distribution in single 
grain tested, it is possible to make recommendations of sample size by statistical 
inference using Central Limit Theorem. For type I rice, suppose carrying out a triplicate 
measurement independently and construct a confidence limit at 95% confidence level 
based on a Students’ t-distribution, and a confidence limit that is within 50 μg kg-1 is 
desired. The sample size estimation is that at least 29 g of rice need to be ground and 
homogenized for each measurement. For type II rice using the same inference, 47 g of 
rice are needed to be ground to obtain a confident limit of 25 μg kg-1 at 95% confidence 
level. And these estimated amounts of rice sampling are larger than the reported method 
and the method previously adopted in our lab, which 10 g of rice was ground for 
measurement.
20
  
For total arsenic determination, popular digestion techniques make use of 
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digestion blocks
21,22
 or microwave-assisted digestions.
23,24
 Microwave digestion 
techniques can achieve complete digestion of rice materials. The microwave digestion 
techniques enjoy advantages such as time efficient and minimized contamination and loss 
of volatile analytes due to a closed vessel system. However, the room temperature 
digestion method was adopted instead of a microwave-assisted digestion in this study 
because of the small sample size as one single rice grain. Transferring and diluting the 
samples from digestion vessel can possibly cause significant errors. 
5.6 Acknowledgments 
I would like to thank Daniel Piersiak for the help with the preparation of 
individual rice grain samples. I would also like to thank Jill Carlson and Aline S. Silva 
for providing preliminary study of total arsenic determination in rice with ICP-MS.
 108 
 
5.7 References 
(1)  Latin, R. Rice: post-harvest operations. Food and Agriculture Organization of the 
United Nations 1999. 
(2)  Meharg, A. A.; Zhao, F. J. In Arsenic & Rice; Springer: 2012. 
(3)  Park, B. J.; Lee, J. H.; Kim, W. I. Influence of soil characteristics and arsenic, 
cadmium, and lead contamination on their accumulation levels in rice and human health 
risk through intake of rice grown nearby abandoned mines. J. Korean Soc. Appl. Biol. 
Chem. 2011, 54, 575-582. 
(4)  Khan, M. A.; Stroud, J. L.; Zhu, Y. G.; McGrath, S. P.; Zhao, F. J. Arsenic 
bioavailability to rice is elevated in Bangladeshi paddy soils. Environ. Sci. Technol. 2010, 
44, 8515-8521. 
(5)  Chatterjee, D.; Haider, D.; Majumder, S.; Biswas, A.; Nath, B.; Bhattacharya, P.; 
Bhowmick, S.; Mukherjee-Goswami, A.; Saha, D.; Hazra, R.; Maity, P. B.; Chatterjee, 
D.; Mukherjee, A.; Bundschuh, J. Assessment of arsenic exposure from groundwater and 
rice in Bengal Delta Region, West Bengal, India. Water Res. 2010, 44, 5803-5812. 
(6)  Wang, H. S.; Sthiannopkao, S.; Chen, Z. J.; Man, Y. B.; Du, J.; Xing, G. H.; Kim, 
K. W.; Yasin, M. S. M.; Hashim, J. H.; Wong, M. H. Arsenic concentration in rice, fish, 
meat and vegetables in Cambodia: a preliminary risk assessment. Environ. Geochem. 
Health 2013, 35, 745-755. 
(7)  Hua, B.; Yan, W. G.; Yang, J. Response of rice genotype to straighthead disease as 
influenced by arsenic level and water management practices in soil. Sci. Total Environ. 
2013, 442, 432-436. 
(8)  Williams, P. N.; Raab, A.; Feldmann, J.; Meharg, A. A. Market basket survey 
shows elevated levels of as in South Central US processed rice compared to California: 
Consequences for human dietary exposure. Environ. Sci. Technol. 2007, 41, 2178-2183. 
(9)  Arsenic, drinking-water and health risks substitution in arsenic mitigation: a 
discussion paper;. World Health Organization (WHO) 2003. 
(10)  WHO(2008) Guidelines for drinking-water quality, 3rd edition incorporating 1st 
and 2nd addenda. World Health Organization (WHO), Vol. 1. Recommendations, 306-
308b. 
(11)  Rahman, M. M.; Owens, G.; Naidu, R. Arsenic levels in rice grain and 
assessment of daily dietary intake of arsenic from rice in arsenic-contaminated regions of 
Bangladesh-implications to groundwater irrigation. Environ. Geochem. Health 2009, 31, 
179-187. 
(12)  Joint FAO/WHO expert committee on food additives (JECFA), Evaluation of 
certain food additives and contaminants. Fifty-third report of the Joint FAO/WHO 
expert committee on food additives. . WHO Technical Report Series 896 2000. 
(13)  European Food Safety Authority Panel on Contaminants in the Food Chain 
(CONTAM), scientific opinion on arsenic in food,. EFSA Journal 2009, 7, 1351. 
(14)  Joint FAO/WHO expert committee on food additives, seventy- second meeting, 
Rome, Italy,. 2010. 
(15)  Zavala, Y. J.; Duxbury, J. M. Arsenic in rice: I. Estimating normal levels of total 
arsenic in rice grain. Environ. Sci. Technol. 2008, 42, 3856-3860. 
 109 
 
(16)  Meharg, A. A.; Raab, A. Getting to the bottom of arsenic standards and 
guidelines. Environ. Sci. Technol. 2010, 44, 4395-4399. 
(17)  de la Calle, M. B.; Emteborg, H.; Linsinger, T. P. J.; Montoro, R.; Sloth, J. J.; 
Rubio, R.; Baxter, M. J.; Feldmann, J.; Vermaercke, P.; Raber, G. Does the determination 
of inorganic arsenic in rice depend on the method? Trends Anal. Chem. 2011, 30, 641-
651. 
(18)  ConsumerReports Results of our tests of rice and rice products. 
http://www.consumerreports.org/content/dam/cro/magazine-
articles/2012/November/Consumer Reports Arsenic in Food November 2012_1.pdf 2013. 
(19)  FDA, U. S. Analytical results from inorganic arsenic in rice and rice products 
sampling. 
http://www.fda.gov/downloads/Food/FoodborneIllnessContaminants/Metals/UCM35246
7.pdf 2013. 
(20)  Berg, T. Determination and speciation of arsenic in enviromental and biological 
samples. Doctoral Dissertation, University of Massachusetts Amherst 2012. 
(21)  Zhu, Y. G.; Sun, G. X.; Lei, M.; Teng, M.; Liu, Y. X.; Chen, N. C.; Wang, L. H.; 
Carey, A. M.; Deacon, C.; Raab, A.; Meharg, A. A.; Williams, P. N. High percentage 
inorganic arsenic content of mining impacted and nonimpacted Chinese rice. Environ. 
Sci. Technol. 2008, 42, 5008-5013. 
(22)  Narukawa, T.; Inagaki, K.; Kuroiwa, T.; Chiba, K. The extraction and speciation 
of arsenic in rice flour by HPLC-ICP-MS. Talanta 2008, 77, 427-432. 
(23)  Sahayam, A. C.; Chaurasia, S. C.; Venkateswarlu, G. Dry ashing of organic rich 
matrices with palladium for the determination of arsenic using inductively coupled 
plasma-mass spectrometry. Anal. Chim. Acta 2010, 661, 17-19. 
(24)  Jedynak, L.; Kowalska, J.; Kossykowska, M.; Golimowski, J. Studies on the 
uptake of different arsenic forms and the influence of sample pretreatment on arsenic 
speciation in White mustard (Sinapis alba). Microchem J. 2010, 94, 125-129. 
 
 110 
 
 
Table 5.1   Results of tests of rice by Consumer Reports.
18
 
Rice Origin Lot 
number 
Total 
arsenic 
(ppb) 
Inorganic 
arsenic 
sum (ppb) 
Percent of 
Inorganic 
arsenic 
Organic 
arsenic 
sum (ppb) 
Rice Select Organic Texmati 
White 
Texas 1 330 83.5 25.3 210 
 2 448 106 23.7 364 
 3 917 102 11.2 862 
Canilla Extra Long Grain 
Enriched 
USA 1 198 70.0 35.4 77.6 
 2 431 159 36.8 231 
 3 286 96.3 33.7 218 
Martin Long Grain Brown Missouri 4 6 398 214 53.7 211 
 4 6 455 211 46.3 203 
 4 6 143 82.2 57.5 42.7 
 4 6 113 83.7 74.1 47.3 
Della Basmati Brown Arkansas 1 308 131 42.6 98.6 
 2 568 210 36.9 394 
 3 458 198 43.3 311 
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Table 5.2   Total arsenic determinations with varying sample masses of Carolina Rice 
sample analyzed in quadruplicate.
20
 
46 
 
 
Table 2.3 Total arsenic determination with varying sample masses of Carolina Rice 
sample analyzed in quadruplicate.    
Weight 
(g) 
Mean arsenic 
concentration (ng g
-1
) 
Standard deviation 
(ng g
-1
) 
95% Confidence 
Interval 
0.100 n.d.
 
n.d. n.d. 
0.250 140 69 110 
0.500 218 38 60 
*n.d. means data not determined because the values were below the detection capabilities 
of the instrumental method. 
 
  
 
Table 2.4 Determination of total arsenic in dry (samples dried in an oven to constant 
weight) and wet (samples analyzed as received). Values include correction for moisture 
content in rice.  
Sample Arsenic concentration (ng g
-1
) Mean arsenic concentration (ng g
-1
) 
Wet 1 435 415 
Wet 2 366  
Wet 3 443  
Dry 1 364 371 
Dry 2 371  
Dry 3 378  
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Table 5.3   Operating conditions for plasma source mass spectrometer  
Parameter Setting 
RF Power 1500 W 
Nebulizer Gas Flow 1.01 L min
-1
 
Nebulizer Type  Gem Tip Cross-Flow II 
Spray Chamber Scott 
Detector Mode Dual mode 
Sample/Skimmer Cones Nickel 
Dwell Time 100 ms per point 
Scanning Mode Peak hopping 
Number of replicates 10  
Isotopes 
75
As 
 
 
 
 
 
 
 
 
Table 5.4   Parameters and operating conditions of HG-AFS 
 
 
 
 
 
 
Parameter Setting 
Primary lamp current 27.5 mA 
Boost lamp current 35 mA 
Carrier argon flow rate 250 mL min
-1
 
Dryer gas flow rate 2.5 L min
-1
 
Sample flow rate 0.9 mL min
-1
 
NaBH4 flow rate 1.8 mL min
-1
 
HCl flow rate 0.9 mL min
-1
 
HCl concentration 2 M 
NaBH4 concentration 0.7% (m/v) 
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Figure 5.1   Procedure used in the acquisition of the representative sample and random 
samples. 
 
Representative sample  
Samples  
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Table 5.5   Total arsenic concentration of type A (a) and type B (b) rice measured by ICP-
MS (n=6). 
(a) 
Sample ID Concentration (μg kg-1) 
1O-1 559  40 
1O-2 366  40 
1O-3 401  22 
1O-4 370  50 
1O-5 419  42 
1O-6 333  46 
2O-1 900  113 
2O-2 971  130 
2O-3 1297  84 
2O-4 925  139 
2O-5 417  46 
2O-6 866  95 
 
(b) 
Sample ID Concentration (μg kg-1) 
RS 400  20 
S1 291  13 
S2 284  12 
S3 287  6 
S4 271  9 
S5 262   7 
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Figure 5.2   The schematic diagram of the HG-AFS system 
 
 
Figure 5.3   Calibration curve for the arsenic analysis by HG-AFS. The line is the best fit 
by least squares regression analysis. 
 116 
 
 
 
 
 
(b) 
Figure 5.4   The distribution as number of grains fell into the corresponding range of 
arsenic concentration. (a) Type I rice with average arsenic concentration of 532 μg kg-1 (b) 
Type II rice with average arsenic concentration of 255 μg kg-1. 
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Table 5.6    Arsenic concentrations in single rice grains from (a) Big Y and (b) Goya, and 
the concentrations are in μg kg-1.  
(a) 
35.2 98.1 101.4 104.3 119.0 120.6 122.4 125.1 125.6 127.7 
144.4 144.8 198.2 198.3 205.0 208.3 211.5 219.5 238.7 242.7 
276.7 277.0 288.8 302.8 311.0 352.3 359.1 359.6 372.0 374.0 
379.4 402.1 409.3 412.4 447.0 561.3 575.1 689.0 740.4 753.3 
781.5 914.6 951.4 1109 2628 2878 4029    
(b) 
1.4 1.4 1.6 2.1 2.3 2.5 4.3 9.3 11.3 12.4 
14.6 19.0 24.0 27.9 29.4 35.2 47.0 48.1 59.1 59.6 
72.0 81.5 103.3 104.6 107.4 108.7 125.1 127.6 128.2 144.4 
144.8 193.3 203.3 203.3 210.0 214.5 216.5 237.7 243.7 272.1 
281.7 293.8 297.8 316.0 570.1 694.0 735.7 1401 1728 2779 
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CHAPTER 6 
FUTURE WORK 
6.1 Improvement and Application of HG Cryogenic Trapping (CT) ICP-OES 
An HG-CT-ICP-OES method was developed as described in chapter 2. The coil 
with liquid nitrogen as cooling reagent was able to trap the volatile arsenic species 
produced by hydride generation, such as AsH3, CH3AsH3 and (CH3)2AsH3. 
Preconcentration was successfully achieved based on the simple glass coil trap and a 
room temperature water bath as the warming and releasing system.  
This preconcentration method can be expanded to the application of multi-
element analysis, since ICP-OES is capable and widely used for the simultaneous multi-
element analysis. Other hydride generation reactive elements such antimony, lead, 
selenium, bismuth and tin along with arsenic can be determined simultaneously. 
Speciation for arsenic hydrides, however, without introducing greater complexity 
into the system, was not achieved. As shown in Figure 6.1, after all three arsine species 
were trapped, they could not be well separated during the warm-up step.  A broader peak 
compared to that for just AsH3 was observed instead of three well-resolved peaks, each 
corresponding to a specific arsine gas, which is desired for speciation analysis. Different 
warm-up strategies were tried including raising the temperature of the cold glass coil to 
different ambient temperatures with an ice-water bath, a boiling water bath, or room 
temperature air. However, no better result was achieved.  
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In order to achieve good separation, future studies should include the evaluation 
of more complex devices, such as more advanced temperature control system, such as a 
cold trap wrapped with a resistance wire providing a gradual heating, so that different 
temperature rise programs could be evaluated to achieve the optimized separation. Also, 
packing materials in the cold trap may also improve the separation. For example, Hsiung 
et al. developed a cold-finger trap, packed with 10% OV-101 on Chromosorb wrapped 
with heating cord.
1
 The cold finger trap was coupled with AAS and good separation of 
AsH3, CH3AsH3 and (CH3)2AsH3 was accomplished. And Narvaez et al. utilized a cold 
trap unit half-packed with Chromosorb OV-3 (15%) for the preconcentration and 
speciation of arsenic.
2
 In addition, helium was used instead of argon as carrier gas, since 
helium has a boiling point of -268.9 °C which is well below the boiling point of liquid 
nitrogen (-195.8 °C), and would not condense in the cold trap while argon (boiling point -
185.8 °C) has a much higher chance of being trapped.
2
 Water vapor need also be taken 
into consideration as ice can form and block the trap if sufficient amount water vapor is 
introduced into the cold trap. Water vapor removal devices such as ice–water bath and a 
water-absorbent (CaCl2) cartridge
3
 can be used and compared with the Permapure Nafion 
dryer system (used in chapter 2) in the aspects of water removal efficiency and ease of 
application.  
Another future study based on the developed HG-CT-ICP-OES system is the 
application to the detection of the volatile arsenic species lost during oven-drying 
procedures. It is suspected that certain analytes, such as arsine, monomethyl arsine, 
dimethylarsine and trimethylarsine
4
 are sufficiently volatile that they can be lost if they 
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are formed when high pressure or temperature treatments are used in sample preparation. 
In a previous study of rice analysis in rice in our lab by Berg,
5
 it was observed that low 
values were obtained if the digestion vessels were vented before being cooled to room 
temperature. Together with the results concerning the loss of arsenic on drying, it is 
concluded that some fraction of the arsenic in some rice samples is volatile and is lost if 
suitable precautions are not taken. 
Cold trapping is suitable for collecting the volatile arsenic species released from 
rice samples during oven-drying procedures.  Release the trapped arsenic species into an 
ICP-OES instrument set at the arsenic wavelength would provide a direct evidence of the 
loss of a volatile arsenic compound. The cold trap method has been applied to the study 
of biovolatilization of arsenic as methylated arsines, which is a widespread phenomenon,
3
 
and the methodology could be applied to rice samples, in order to determine if volatile 
arsenic species released from the matrix during oven drying can be quantified.  For the 
identification of which kind(s) of arsenic compound are trapped, organic mass 
spectrometry is needed for the analysis of the compound structure. 
Mass balance studies as well.  Heat the rice and determine the arsenic content.  
Determine without heating.  Trap and quantify.  Everything should add up. 
6.2 Non-chromatographic Arsenic Speciation Study 
6.2.1 Borohydride-Form Anion Exchanger HG System 
By coupling the borohydride-form anion exchanger HG system with AFS 
detection, a method was developed with sufficiently low detection limits for the 
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determination inorganic arsenic species at naturally occurring concentrations in several 
water samples as described in chapter 3. However, if HG reactive organic arsenic species, 
such as DMA and MMA, are present, inaccurate results would be obtained because of the 
DMA and MMA would form hydrides that would give rise to a fluorescence signal. 
Future work can focus on extending the speciation methodology to include the methylated 
species. 
Similar as the speciation methodology described in the chapter 3, two different 
measurement conditions (A and B) were identified that produced two calibration 
equations with different sensitivities for the two kinds of species. In order to apply the 
methodology to more arsenic species, such as DMA and MMA, in addition to As(III) and 
As(V), more measurement conditions (A, B C, and D) will need to be developed. In 
general, the peak height of fluorescence intensities, I, measured under conditions A, B, C 
and D are related to As(III), As(V), DMA and MMA concentrations as follow:  
IA = αA + βA,IIICIII + βA,VCV + βA,MCM + βA,DMCDM 
IB = αB + βB,IIICIII + βB,VCV + βB,MCM + βB,DMCDM 
IC = αC + βC,IIICIII + βC,VCV + βC,MCM + βC,DMCDM 
ID = αD + βD,IIICIII + βD,VCV + βD,MCM + βD,DMCDM 
where IA, IB, IC and ID are the peak height of fluorescence intensities under conditions A, 
B, C and D, respectively; C is concentration, αA, αB, αC and αD are the average intercept 
values of the linear calibrations for each species under conditions A, B C and D, 
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respectively; β is the slope of the linear calibration obtained under each condition, 
respectively; and III, V, M and DM indicate values for As(III), As(V), DMA and MMA, 
respectively. 
It is worth mentioning that the calibration line for a single species has 
uncertainties attached to the slope and intercept values. As the calculation of the 
concentrations involves solving four simultaneous equations whose coefficients are 
experimental values (slopes and intercepts) derived from calibration functions, with 
associated uncertainties, the uncertainty in the concentrations will be greater than those 
that are calculated on the basis of a single calibration function. In previous study for two 
species analysis in chapter 3, when these uncertainties are incorporated into the 
expressions for the concentrations that are obtained from solving the two simultaneous 
equations, the ± terms associated with concentrations are between 2 and 4 times larger 
than the ± terms that would be obtained from a calibration based on the response to a 
single species. However, in practice the ± terms were determined based on three replicate 
measurements under each of the two conditions, which yielded 3 x 3 = 9 combinations of 
fluorescence intensities from which to calculate the concentrations. For the further study 
of four species, a much complex calculation will need to be investigated. How much 
more uncertainty from the calibration will be brought into the final concentration 
calculation? If three replicate measurements were made under each condition this would 
produce 3
4
 = 81 combinations of fluorescence intensities from which concentrations 
could be calculated.  This seems a lot of work but still doable, especially if the results are 
manipulated directly by suitable software. Mariela et al. determined As(III), As(V), DMA 
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and MMA using a series of proportional equations.
6
 However, no detailed information 
about the calculation and uncertainty propagation was provided in the publication. In the 
investigation of different conditions to generate the equations, efforts need to be made to 
find conditions under which some of the slope values are zero, meaning the full 
suppression of a certain species. And the benefit of less uncertainty will occur since the 
error related to that zero-value slope is not going to be significant. 
6.2.2 Flow Injection Solid-Phase Extraction HG-AFS 
Solid-phase extraction (SPE) techniques have been widely used for trace element 
speciation studies. Compared to one of the most popular separation technique such as 
liquid chromatography, solid-phase extraction offers a cheap, simple and more sensitive 
method for speciation. During separation the different species, SPE preconcentrate the 
analytes at the same time, in contrast to LC, which involves dilution in the elution step.  
The SPE-HG-AFS is a simple, inexpensive and sensitive method that can be used 
in ultra-trace determination of As(III), As(V), MMA and DMA in water samples. The 
method is based on unpublished work done by Khalid Al-assaf previously in our lab.  
In the SPE system, sample (pH = 5.6) was passed through a series of different ion-
exchange columns, resulting in selective retention as follows: DMA was retained on the 
strong cation-exchange (SCX), MMA and As(V) on the SAX silica-based and As(III) on 
the strong anion-exchange (SAX) resin-based materials. Then by applying optimal elution 
strategies, the four arsenic species were eluted and injected into detection individually. 
The limits of detection obtained for AS(III), DMA, MMA and As(V) were 0.022, 0.024, 
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0.030 and 0.017 ug L
-1
, repectively. This method offer good recoveries of DMA(ranging 
from 107 to 114%). However, high recovery was obtained for As(III) (>200%) in the lake 
water samples due to the poor retention of As(V) and MMA on the SAX column. Low 
recoveries were obtained for MMA in all water samples and almost no recoveries were 
obtained for As(V).  
One major issue of the method was the error prone step of selective elution of 
MMA and As(V). After As(V) and MMA were retained together on the SAX silica based 
column, the selective elution was achieved as the off-line mode: 1.0 mol L
-1
 acetic acid 
would elute only MMA but no As(V); and complete elution of As(V) would be obtained 
by 1.0 mol L
-1
 nitric acid. However, for online retention and elution, a partial elution of 
As(V) was observed during the elution step designed for MMA, which could not be 
eliminated by optimization of the concentrations of the eluent. This was the main reason 
that why poor recoveries of MMA and As(V) were obtained.  
To solve this problem, future work based on a modification of the method is 
proposed. Because of the pKa values, As(V) (2.3, 6.8, 11.6) and MMA (3.6, 8.2) is in the 
anionic form at pH 5.6 and, therefore, will be retained on the SAX material. If the pH is 
equal to 2.3, only As(V) is in the anionic form and will be retained selectively. So by 
adjusting the pH of the sample to 2.3 rather than 5.6, the selective retention of As(V) to 
the SAX will be achieved. Then by applying adding base to the sample flow to adjust the 
pH to > 3.6, MMA will be retained on another SAX. Thus the two arsenic species will be 
eluted independently from two different SAX. 
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Reported studies showed change of pH range did not yield significant effects on 
the retention of DMA on SCX-3 cartridge.139 Thus at pH=2.3, good retention of DMA 
on the SCX column will not be affected.  
Another step that can be improved is the As(III) retention and elution strategy. In 
the previous work, ammonium hydroxide was added to adjust pH to 10.5 to the sample 
flow in order to retain As(III) on the SAX column. In the elution step, maximum of 65% 
recovery was obtained using 6.0 mol L
-1
 of either nitric or hydrochloric acids. A 
combination of both acids yielded a 100% recovery. However, the combination acid 
resulted in lower peak height signal. Thus, nitric acid was employed for As(III) elution to 
compromise the lower peak height signal.  
Jiang et al. reported a selective method in which ammonium pyrrolidinedithio-
carbamate modified activated carbon (APDC-AC) as solid phase extractant has been 
developed for speciation of As(III) in water samples. At pH 1.8–3.0, As(III) could be 
adsorbed quantitatively by APDC-AC, and then eluted completely with 2.0 mL of 0.1 mol 
L
-1
 HNO3.
7
 This APDC-AC is suitable to be applied to replace the old As(III) SAX 
because of the following advantages. First, the As(III) is retained at pH 2.3, which is in 
the range of 1.8-3.0, and thus there is no need to adjust the pH with a base. Second, 
quantitative recoveries of elution are 95.0–98.2% within 0.1–0.5 mol L-1 HNO3 
concentration, which is able to obtain higher peak height signal. In addition, the APDC-
AC is easy to prepare and is stable in an acidic media. The flow injection system is shown 
as Fig. 6.2. 
6.3 HPLC-ICP-AFS for Arsenic Speciation 
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 With the HPLC-ICP-AFS system, whose development is described in chapter 4, 
the limits of detection obtained for As(III), DMA, MMA and As(V) were 0.4. 0.4, 1.4 and 
1.5 μg L-1, respectively.  The values are low enough for the technique to be applied to the 
analysis of a real sample such as rice. For any method developed, validation is needed by 
the determination of spike recoveries and the analysis of suitable reference materials.  
As mentioned above, the limit of detection for As(V) is more than three times that 
of As(III) because As(V) elutes last from the column. If As(V) were pre-reduced to 
As(III), the As(V) peak would disappear and the peak for As(III) would be 
correspondingly increased. In addition, the separation time could be decreased from 8 min 
to 6.5 min. The concentrations of As(V) and As(III) can be considered as the total 
inorganic arsenic species concentration and, since they are both considered toxic (much 
more than the organic species), one value would be sufficient to evaluate the potential 
toxicity of any particular sample . In preliminary studies of pre-reduction, 0.5% (m/v) L-
cysteine was used, which was shown in the work described in chapter 3 to have the ability 
to transform As(V) to As(III) at room temperature. The chromatogram is shown in Figure 
6.3 together with that without reduction. The As(V) peak disappeared, but it is clear that 
L-cysteine also interacts with DMA and MMA, as another peak is visible eluting closely 
after that for As(III). This finding could be further investigated to figure out the 
interaction between L-cysteine and arsenic species. Optimizing the HPLC condition so 
that the two peaks can be well separated and identified by mass spectrometry can provide 
useful information of the interaction between L-cysteine and arsenic species. However, if 
it turns out that L-cysteine is not an appropriate reducing agent to be used before HPLC 
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separation, there are other possible candidates, such as iodide or ascorbic acid, that can be 
tried in future studies.  
To improve the performance of the HPLC-HG-AFS system, the post HPLC 
preconcentration can be further studied. The conventional HG system can be replaced by 
the immobilized tetroborohydride anion-exchanger column. As addressed in chapter 3, 
the immobilized tetroborohydride anion-exchanger column has advantages of less 
consumption of chemicals, decreased extent of interferences and higher sensitivity. The 
proposed post HPLC column immobilized tetroborohydride anion-exchanger system is 
promising to improve the HPLC-HG-AFS performance. Preliminary study shows that 
because of the limited amount of tetrahydroborate that can be retained in the column, as 
the HPLC separation need about 8 min to accomplish, a significant decrease of the 
tetrahydroborate in the column would occur due to a continuous flow of acid passing 
through. When the sample and acid flow time was only 60 s described in chapter 3, the 
decrease was not significant and can even last for three measurements without a signal 
decrease. However, when the running time increased to 8 min, the retained 
tetrahydroborate was not enough to convert all four sequentially eluted arsenic species 
into hydrides. To overcome this problem, future studies can use a larger column, which 
has a more capacity of tetrahydroborate to sufficiently convert all arsenic species. In 
addition, the strategy of reducing As(V) to As (III) can decrease the running time from 8 
min to 6.5 min as described in section 6.2., which may also facilitate the system 
performance by reducing the required amount of tetrahydroborate. 
6.4 Further Study of Homogeneity of Arsenic Determination in Rice 
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As an important global issue, there are still no regulations or recommendations for 
the maximum concentrations of arsenic species in rice. The reasons are addressed in the 
Joint FAO/WHO Food Standards Programme Codex Committee on methods of analysis 
and sampling.
8
 While discussing the Proposed Draft Maximum Levels for Arsenic in 
Rice the Joint FAO/WHO Expert Committee on Food Additives (JECFA) noted that a 
number of validated methods for inorganic arsenic are available, however these are 
complex and may not be available for routine monitoring in some countries. Thus, 
suitable methods, which are reliable and affordable of analysis for the determination of 
arsenic in rice are urgently needed.  
Recently, the difficulties of determining accurately the total arsenic concentration 
in rice were illustrated in the report, by de la Calle et al.
9
 This report provided the results 
of a proficiency test organized by the European Union Reference Laboratory for Heavy 
Metals in Feed and Food with the support of the International Measurement Evaluation 
Program. The test material was shown to be both (a) homogenous with respect to arsenic 
content at the 500 mg sample size and (b) stable during the period of the study. The 95% 
confidence interval was determined, based on the results of 7 expert laboratories, to be 
154 to 190 μg kg-1. Only 35 out of 98 participating laboratories submitted results that fell 
within this reference interval. A wider target interval of 120 – 224 μg kg-1 was still 
missed by 26 of the participants. Also, it should be kept in mind that this sample was 
homogenized and stable. This study highlights the difficulty of accurately measuring 
arsenic content in rice. In addition to the widely variable results obtained by different 
laboratories in a proficiency test involving pseudo reference material, the analysis of real 
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rice samples shows wide ranges of arsenic values for one kind of rice according to the 
results obtained by both Consumer Reports
10
 and FDA
11
. And in chapter 5, it is addressed 
that one of the possible reasons why such difficulty exists in arsenic analysis in rice 
samples is the sampling method without the consideration of the extreme heterogeneity 
natural of arsenic distribution in rice grains (section 5.4.2.2). Clearly, there is a need to 
develop more precise methods for the determination of arsenic in rice. Two main issues 
that need to be further studied and addressed are the sampling strategy and the prevention 
of arsenic loss during sample preparation.  
In ensuring the biases are eliminated, the obvious place to start is the process of 
sampling, which may be the most underrated aspect of chemical analyses despite its 
importance. Most often, it is not possible to analyze an entire sample population; instead, 
enough sub-samples of the bulk material would be collected to ensure that the distribution 
of analytes is an accurate representation of the whole population. If this initial collection 
stage is not performed with the utmost care, the resultant errors (together with the 
variations will accumulate during the remainder of the analytical method), may then 
mislead future decision-making. 
In making decisions about sample size, particular attention should be paid to the 
homogeneity of the samples. The studies reported in chapter 5 show that rice samples are 
quite heterogeneous. A single rice grain can contain as much as 3 mg kg
-1
 arsenic in a 
population of grains whose average arsenic concentration is 255 μg kg-1. Grains with very 
high arsenic concentrations comprise maybe 2% of the grains that were analyzed (chapter 
5, section 5.4.2.2). If the three highest results were treated as outliers and excluded, the 
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average concentration would be 146 μg kg-1, and the standard deviation would drop from 
489 to 169 μg kg-1. However, more varieties of rice need to be studied to draw a sound 
conclusion that whether the extreme heterogeneity natural of rice grains are commonly 
occurring.  
Future work could focus on the identification of these “super grains” that contain 
much higher concentration of arsenic.  Are they visually different from other grains? 
Taking pictures at the start of the experiments will be helpful for the comparison.  
 Also, the arsenic speciation in rice grains is important to be investigated. Species 
of normal grains and the super grains could be compared.  Do the arsenic overloaded rice 
grains contain most methylated arsenic species or more toxic inorganic arsenic species? 
The developed HPLC-HG-AFS technique in chapter 4 can be used for the speciation 
analysis.   
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Figure 6.1 The evolved signal during the warm-up and releasing step after 10 mL 20 μg 
L
-1 
As(III) and a mixture of 20 μg L-1 As(III) + 50 μg L-1 DMA + 50 μg L-1 MMA were 
trapped. 
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e) Injection (As III) 
 
Figure 6.2   The manifolds for the determination of arsenic species by FI-SPE-HGAFS (a) 
load position, (b) injection of MMA, (c) injection of DMA, (d) injection of As V, (e) 
injection of As III. 
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Figure 6.3   Chromatogram of standard solutions of As(III), As(V), DMA and MMA at 5 
μg L-1. (red) And chromatogram of standard solutions of As(III), As(V), DMA and MMA 
at 5 μg L-1 which were prereduced by 0.5% L-cysteine.(green) 
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